A novel and innovative technique for deformation of pre-contoured fracture fixation plates in orthopaedic surgery by Malekani, Javad
A NOVEL AND INNOVATIVE TECHNIQUE 
FOR DEFORMATION OF PRE-CONTOURED 
FRACTURE FIXATION PLATES IN 
ORTHOPAEDIC SURGERY 
Javad Malekani 
M.Sc. Mechanical Engineering 
B.Sc. Mechanical Engineering 
 
 
 
 
 
 
School of Chemistry, Physics and Mechanical Engineering 
Faculty of Science and Engineering 
Queensland University of Technology  
 
 
Submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
2014 
  
 
ii 
 
 
iii 
 
Keywords 
Fracture Fixation Plate, Bone Plate, Deformation, Bending, Twisting, Finite Element 
Method, ANSYS, Fit Assessment, Stress Concentration, Springback Effect, Safety 
Factor, Apparatus, Tool, Machine, Robotic Arm 
  
 
iv 
 
Abstract 
Fracture fixation plates are provided in numerous shapes and lengths to enable 
well-fitting to the underlying bones. Clinically, an anatomically well-fitting plate 
minimizes the soft-tissue impingement and can greatly facilitate the process of 
reduction in terms of axial and rotational alignment of the main fragments. However, 
even though contoured according to the anatomical region, currently the fracture 
fixation plates cannot fit to the underlying bones in all surgical cases. Studies on 
distal tibial plate have revealed that this type of plate fits only to 13% of the studied 
bones and can fit to maximum 67% of the cases if the plate shape is modified. An 
82% fitting can be achieved if two distal tibial plates are tried and the chance of 
fitting increases if more plate shapes are tried. 
On the contrary, manufacturers cannot provide several shapes of any plate type 
because this can cause logistical problems for both manufacturers and hospitals. So, 
in order to achieve a close fit in all surgical cases, the plates are deformed during 
surgeries. Nowadays, the fitting quality is approximated visually and the plate is 
deformed manually by means of a group of mechanical tools. Indeed, currently there 
is no appropriate technique for fit assessment and performing the deformations. 
The present thesis has been conducted to develop a novel system for automatic 
fit assessment and performing the pre-surgical plate deformations. This system 
includes: 
An algorithm for automatic plate positioning, fit assessment, simulation of the 
potential deformations of the plate and extraction of the deformation parameters 
A machine for accurate and automatic performance of the deformations 
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The mechanical design of an advanced machine for performing the 
deformations has been accomplished and a novel, iterative algorithm for fit 
assessment and definition of the optimal deformation parameters has been developed. 
This algorithm has been worked out in collaboration with another PhD thesis and the 
work of the present thesis has been responsible for simulation of the deformations 
using the finite element method. As a complimentary study, the current thesis has 
studied the pre-surgical deformations of the fracture fixation plates in terms of the 
deformation safety. The threshold of each deformation type on each biomaterial and 
any thickness has been determined and the effective parameters, such as springback 
effect and stress concentration, have been examined thoroughly. 
Besides the development of the above mentioned system and studies, it has 
been shown that a library of deformations can be made for any type of plate. In 
trying to achieve maximum possible fitting cases, it has been discovered that it is 
impossible to fit the plate to the underlying bone in 100% of the surgical cases, 
because in some cases performing the desired deformation can damage the plate.  
The present thesis intended to develop a fully automatic system for fit 
assessment and plate deformation. However, due to time limitations, a semi-
automatic one was developed at this stage. It has contributed to the start of a 
rewarding journey for automation of the pre-surgical plate deformation. 
  
 
vi 
 
Publications 
The candidate of the current thesis has won excellence award of Outstanding 
HDR (High Degree Research) Student from Science and Engineering Faculty, QUT, 
in 2013. Also, some of parts of the study have been presented as a Keynote Speech in 
the 2
nd
/2012 International Conference on Materials and Products Manufacturing 
Technology (MPMT 2013) in Guangzhou, China. 
International Conference Papers 
 Malekani, J., Schmutz, B., Gu, Y.T., Schuetz, M., and Yarlagadda, P. 
K.D.V. Biomaterials in orthopedic bone plates: a review. in 2nd Annual 
International Conference on Materials Science, Metal & Manufacturing 
(M3 2011). 2011. Bali, Indonesia: Global Science and Technology Forum. 
 Malekani, J., Schmutz, B., Gu, Y.T., Schuetz, M., and Yarlagadda, P. 
K.D.V. Study on torsional limitations of orthopedic bone plates from 
mechanical point of view. in 4th International Conference on 
Cumputational Methods (ICCM2012). 2012. Gold Coast- Australia. 
International Journal Papers 
 Malekani J., Schmutz B., Gu Y.T., Schuetz M., and Yarlagadda P. K.D.V., 
Orthopedic bone plates: Evolution in Structure Implementation technique 
and biomaterial. GSTF Journal of Engineering Technology, 2012. 1(1): p. 
135-140. 
 Harith H., Malekani J., Schmutz B., Yarlagadda P. K.D.V., and Schuetz 
M., Quantitative Fit Analysis of Orthopedic Bone Plates: Methods, 
 
vii 
 
Criteria and Approach. Journal of Biomimetics, Biomaterials, and Tissue 
Engineering (BBTE), 2013. 18(2): p. 116-120. 
 Malekani J., Schmutz B., Gudimetla P., Gu Y.T., Schuetz M., and 
Yarlagadda P. K.D.V., Study on bending limitations for the optimal fit of 
orthopaedic bone plates. Advanced Materials Research, 2013. 602-604: p. 
1181-1186. 
 Harith H. H., Malekani J., Schmutz B., Schuetz M., and Yarlagadda, P. 
K.D.V., A Novel Iterative Method for Simulating Patient-Specific Optimal 
Deformation and Fit of Fracture Fixation Plates. advanced materials 
research, 2014. 845: p. 382-386. 
 Malekani J., Yarlagadda P. K.D.V., Schmutz B., Gu Y.T., and Schuetz M., 
How to increase the accuracy of analysis and reduce the computational 
time in ANSYS in the case of deformation study of orthopedic bone plates. 
advanced materials research, 2014. 834: p. 1592-1600. 
 Malekani J., Yarlagadda P. K.D.V., Schmutz B., and Schuetz M., 
Springback Effect of Pre-surgical Bending of Fracture Fixation Plates. 
Journal of the Mechanical Behavior of Biomedical Materials (Under 
Review) 
 Malekani J., Yarlagadda P. K.D.V., Schmutz B., Gu Y.T., and Schuetz M., 
State of Art Review on Machinery and Apparatus used for Deformation of 
Implants during Orthopaedic Surgery. Journal of Manufacturing Systems 
(Under Review) 
 
  
 
viii 
 
Table of Contents 
Keywords .............................................................................................................................................. iii 
Abstract .................................................................................................................................................. iv 
Publications ............................................................................................................................................ vi 
International Conference Papers ............................................................................................................ vi 
International Journal Papers ................................................................................................................... vi 
Table of Contents ................................................................................................................................ viii 
List of Figures ........................................................................................................................................ xi 
List of Tables ...................................................................................................................................... xvii 
List of Abbreviations ........................................................................................................................ xviii 
Statement of Original Authorship ......................................................................................................... xx 
Acknowledgements .............................................................................................................................. xxi 
CHAPTER 1: INTRODUCTION ........................................................................................................ 1 
1.1. Background .................................................................................................................................. 1 
1.2. Problem Definition and the Research Objectives ........................................................................ 2 
1.3. Research Significance .................................................................................................................. 4 
1.4. Research Methodology ................................................................................................................ 4 
1.5. Dissertation Outline ..................................................................................................................... 7 
CHAPTER 2: LITERATURE REVIEW ............................................................................................ 8 
2.1. Introduction.................................................................................................................................. 8 
2.2. Orthopaedic Bone Plates .............................................................................................................. 8 
2.2.1. Developments in Structure and Implementation Techniques ...................................... 9 
2.2.2. Biomaterials of Bone Plates ........................................................................................ 13 
2.2.3. Fitting the Bone Plate to the Underlying Bone ........................................................... 23 
2.3. Finite Element Method and its Application in Analysis of Bone Plates .................................... 27 
2.4. Deformation Apparatuses of the Bone Plates ............................................................................ 32 
2.4.1. Traditional Tools and Apparatus ................................................................................. 33 
2.4.2. Techniques Developed for Deforming Orthopaedic Plates ........................................ 36 
2.4.3. Scientific Studies on Apparatus of Deforming Orthopaedic Plates............................. 43 
2.4.4. Summary ..................................................................................................................... 43 
2.5. Conclusion ................................................................................................................................. 44 
2.6. Research Gap ............................................................................................................................. 46 
2.7. Significance of the Research ...................................................................................................... 48 
CHAPTER 3: DEVELOPMENT OF AN INNOVATIVE AUTOMATIC MACHINE FOR 
DEFORMING BONE FRACTURE FIXATION PLATES ............................................................. 51 
3.1. Introduction................................................................................................................................ 51 
3.2. Development Process of the Innovative Machine ...................................................................... 53 
3.2.1. Problem Definition ...................................................................................................... 56 
3.2.2. Machine Design .......................................................................................................... 57 
 
ix 
 
3.2.3. Prototyping and Performance Test ............................................................................ 57 
3.3. Specifications of the Prospective Machine ................................................................................ 60 
3.4. Literature Review of Related Technology in Non-medical Industries ....................................... 63 
3.5. Design Principles ....................................................................................................................... 70 
3.5.1. Clamp ......................................................................................................................... 70 
3.5.2. Power Supplier of the Clamp ..................................................................................... 71 
3.5.3. Sterilization and Hygienic Considerations .................................................................. 73 
3.5.4. Other Parameters ...................................................................................................... 74 
3.6. Conceptual Design ..................................................................................................................... 74 
3.7. Detailed Design .......................................................................................................................... 89 
3.8. Prototyping and Proof of Concept ............................................................................................. 95 
3.9. Summary .................................................................................................................................... 97 
CHAPTER 4: FINITE ELEMENT ANALYSIS OF PRE-SURGICAL DEFORMATIONS OF 
BONE FRACTURE FIXATION PLATES – PART A: MODEL DEVELOPMENT ................... 99 
4.1. Introduction ................................................................................................................................ 99 
4.2. Factor of Safety ........................................................................................................................ 100 
4.3. Springback Effect..................................................................................................................... 102 
4.4. Bauschinger Effect ................................................................................................................... 109 
4.5. Material Model ........................................................................................................................ 110 
4.6. Stress Concentration ................................................................................................................ 112 
4.7. General Procedure of Finite Element Method (FEM) .............................................................. 116 
4.8. Finite Element Model .............................................................................................................. 118 
4.8.1. Software Used in the Current Research ................................................................... 118 
4.8.2. Material Model and Material Properties ................................................................. 119 
4.8.3. Geometry ................................................................................................................. 120 
4.8.4. Analysis Settings ....................................................................................................... 121 
4.9. Validation of the FEA Model ................................................................................................... 131 
4.10. FEA Results and Discussions .................................................................................................. 137 
4.10.1. Preliminary Analysis ................................................................................................. 137 
4.11. Summary .................................................................................................................................. 139 
CHAPTER 5: FINITE ELEMENT ANALYSIS OF PRE-SURGICAL DEFORMATIONS OF 
BONE FRACTURE FIXATION PLATES – PART B: COMPREHENSIVE FEA .................... 140 
5.1. Introduction .............................................................................................................................. 140 
5.2. Springback Effect of Pre-surgical Bending of Fracture Fixation Plates .................................. 140 
5.3. Safety of the Pre-surgical Bending of Bone Plates .................................................................. 144 
5.4. Springback Effect through Twisting Bone Plates during Surgery ........................................... 149 
5.5. Summary .................................................................................................................................. 154 
CHAPTER 6: NOVEL ALGORITHM FOR FIT OPTIMIZATION OF FRACTURE 
FIXATION PLATE TO THE UNDERLYING BONE .................................................................. 158 
6.1. Introduction .............................................................................................................................. 158 
6.2. Current Procedure of Fit Assessment ....................................................................................... 158 
6.3. Fit Assessment Approach......................................................................................................... 161 
 
x 
 
6.4. Measurement of the Gap between the Bone and the Plate ....................................................... 162 
6.5. Proposed Method for Fit Assessment and Optimization .......................................................... 163 
6.6. Deformation of Medial Distal Tibial Plate .............................................................................. 171 
6.7. Summary .................................................................................................................................. 183 
CHAPTER 7: CONCLUSION ......................................................................................................... 186 
7.1. Introduction.............................................................................................................................. 186 
7.2. Findings ................................................................................................................................... 186 
7.2.1. Design of the Innovative Automatic Machine ..........................................................187 
7.2.2. Finite Element Analysis of Pre-surgical Deformations of Bone Fracture Fixation Plates
 189 
7.2.3. Novel algorithm for fit Assessment of Bone Plates ..................................................191 
7.3. Applications of Research ......................................................................................................... 193 
7.4. Limitation of this Study and Recommendation for Future Work ............................................ 194 
Bibliography ....................................................................................................................................... 197 
APPENDICES: .................................................................................................................................. 225 
A 1. THE DRAWINGS OF THE STANDARD PARTS OF THE 7-AXIS ROBOTIC ARM . 225 
A 1. 1. LAH Linear Actuator (Harmonic Drive LLC., 2012a) ............................................................ 225 
A 1. 2. SHA25A AC servo actuator (Harmonic Drive LLC., 2012b) .................................................. 227 
A 1. 3. SHA32A AC servo actuator (Harmonic Drive LLC., 2012b) .................................................. 228 
A 1. 4. SHA40A AC servo actuator (Harmonic Drive LLC., 2012b) .................................................. 229 
A 1. 5. SHF25 Component Set (Harmonic Drive LLC., 2012c) .......................................................... 232 
A 1. 6. SHF32 Component Set (Harmonic Drive LLC., 2012c) .......................................................... 233 
A 1. 7. SHF40 Component Set (Harmonic Drive LLC., 2012c) .......................................................... 234 
A 2. THE DRAWINGS OF THE PARTS OF THE 7-AXIS ROBOTIC ARM ........................ 236 
A 2. 1. 1st axis ...................................................................................................................................... 237 
A 2. 2. 2nd axis ..................................................................................................................................... 240 
A 2. 3. 3rd axis ...................................................................................................................................... 250 
A 2. 4. 4th axis ...................................................................................................................................... 258 
A 2. 5. 5th axis ...................................................................................................................................... 268 
A 2. 6. 6th axis ...................................................................................................................................... 276 
A 2. 7. 7th axis ...................................................................................................................................... 287 
A 2. 8. Clamp ....................................................................................................................................... 291 
A 2. 9. Control unit .............................................................................................................................. 306 
 
  
 
xi 
 
List of Figures 
Figure ‎2-1 (A) Hansmann’s plate (Sauerbier, et al., 2008). (B) Lambotte’s plate. (C) CP 
introduced by Danis (Uhthoff, et al., 2006) ........................................................................... 10 
Figure ‎2-2 Dynamic Compression Plate (DCP) (Uhthoff, et al., 2006) ................................. 11 
Figure ‎2-3 Different types of internal fixators (Schütz, et al., 2003; Synthes Medical Devices 
Co., 2010) .............................................................................................................................. 12 
Figure ‎2-4 Alignment of the plate under-surface (Schmutz, et al., 2011).............................. 27 
Figure ‎2-5 Roller type plate pliers (left) and Reconstruction plate pliers (Right) (Veterinary 
Instrumentation Limited, 2013) ............................................................................................. 33 
Figure ‎2-6 Bending press used for deformation of fracture fixation plates during orthopaedic 
surgeries (Veterinary Instrumentation Limited, 2013) ........................................................... 33 
Figure ‎2-7 (A) Sketch of “Bone Plate Shaping Device” patent (Runciman, et al., 1997); (B) 
Sketch of firstly invented Vise grip at 1924 (Petersen, 1924); (C) & (D) Sketches of 
Petersen’s vise pliers in 1940 (Petersen, 1940) & 1955 (Petersen, 1955); (E) firstly Vise grip 
at 1924 (Irwin Co., 2011a) ..................................................................................................... 34 
Figure ‎2-8 Vise grip with different jaw types (Irwin Co., 2011a) ......................................... 34 
Figure ‎2-9 Bone plate bending press used in orthopaedic surgeries ...................................... 35 
Figure ‎2-10 Bending a fracture fixation plate by orthopaedic irons (Veterinary 
Instrumentation Limited, 2013) ............................................................................................. 35 
Figure ‎2-11 (A) Industrial iron with different jaws and sizes; (B) Former type of Orthopaedic 
iron; (C) Current orthopaedic iron ......................................................................................... 36 
Figure ‎2-12 Orthopaedic bone plate bending iron (Watrous, 1996) ...................................... 37 
Figure ‎2-13 Delta TPLO Plate Benders with Curved Slots Delta TPLO Plate Benders with 
Curved Slots (Veterinary Instrumentation Limited, 2013) .................................................... 37 
Figure ‎2-14 Bone plate vise (Huebner, et al., 2000) .............................................................. 38 
Figure ‎2-15 Orthopaedic implant shaper (Barrick, 2003) ...................................................... 39 
Figure ‎2-16 Bending pliers proposed for deformation of perforated bone fracture fixation 
plates (Knöpfle, et al., 2009) .................................................................................................. 40 
Figure ‎2-17 Bone plate shaping system (Orbay, Castaneda, & Kortenbach, 2010; Orbay, 
Castaneda, Kortenbach, et al., 2010) ..................................................................................... 41 
Figure ‎2-18 Formable bone plate & its deformation apparatus (Orbay, et al., 2009) ............ 41 
Figure ‎2-19 Locking plate bender and the related pliers (Raines, et al., 2009) ..................... 42 
Figure ‎2-20 Projected costs of osteoporotic fractures (G., et al., 2010)................................. 49 
Figure ‎3-1 Flowchart of the project of “developing an innovative system for pre-surgical 
deformations of fracture fixation plates” and the relation between the two theses ................ 52 
 
xii 
 
Figure ‎3-2 Flowchart of the first phase of the thesis .............................................................. 53 
Figure ‎3-3 Three models of Product Development Process (PDP); A: Staged PDP; B & C: 
Spiral PDP  (Unger, et al., 2010) ............................................................................................ 54 
Figure ‎3-4 Development Process of the machine is developed through current research ...... 56 
Figure ‎3-5 Some types of fracture fixation plates (Synthes GmbH, 2006) ............................ 61 
Figure ‎3-6 Grip area of a clamp ............................................................................................. 72 
Figure ‎3-7 First idea for the prospective machine using a series of deforming unit .............. 75 
Figure ‎3-8 Modification of the first idea for the machine ...................................................... 76 
Figure ‎3-9 Idea of machine based on spring systems for clamping ....................................... 76 
Figure ‎3-10 Clamp of the earlier models ................................................................................ 77 
Figure ‎3-11 Idea of plate gripper for the prospective machine .............................................. 77 
Figure ‎3-12 A deformation unit proposed for the new machine ............................................ 78 
Figure ‎3-13 Closest feasible distance between grippers if the clamp is used ......................... 79 
Figure ‎3-14 Modified model of the clamp ............................................................................. 79 
Figure ‎3-15 Clamps and grippers of BTM corporation .......................................................... 80 
Figure ‎3-16 Idea of the clamp of the prospective machine .................................................... 81 
Figure ‎3-17 Idea of new machine using two sliding clamps .................................................. 82 
Figure ‎3-18 Assembly of the clamp of the new machine ....................................................... 82 
Figure ‎3-19 Idea of the machine using a spherical bed for performing the deformations of 
bone fracture fixation plates ................................................................................................... 83 
Figure ‎3-20 Idea of new machine using a gearbox clamp ...................................................... 83 
Figure ‎3-21 Different views of the clamp of an idea proposed for the new machine ............ 84 
Figure ‎3-22 Layout of robotic arms for deforming orthopaedic bone plate during surgery ... 85 
Figure ‎3-23 Conceptual design of a 6-Axis RA for deformation of bone plates .................... 86 
Figure ‎3-24 Gap in workspace coverage when one of the RAs was omitted ......................... 86 
Figure ‎3-25 Front view of the 7-axis RA for orthopaedic bone plate deformation during 
surgery (A: Positive deformation & B: Negative deformation) ............................................. 87 
Figure ‎3-26 Top view of the 7-Axis RA in three gripper positions of 0 and ±500mm .......... 88 
Figure ‎3-27 Positioning of RA gripper in the positions of (A) 0° and (B) +90° .................... 88 
Figure ‎3-28 Gripper of the developed Robotic Arm for pre-surgical deformations of 
orthopaedic bone plate............................................................................................................ 90 
Figure ‎3-29 Gripper assembly of the developed RA for orthopaedic bone plate deformation 
during surgery ........................................................................................................................ 90 
Figure ‎3-30 Clamp of the developed RA used for pre-surgical deformations of bone fracture 
fixation plate ........................................................................................................................... 91 
 
xiii 
 
Figure ‎3-31 1
st
 Axis of the developed RA for pre-surgical deformations of bone fracture 
fixation plates ......................................................................................................................... 92 
Figure ‎3-32 2
nd
 Axis of the developed RA for pre-surgical deformations of bone fracture 
fixation plates ......................................................................................................................... 92 
Figure ‎3-33 3
rd
 Axis of the developed RA for pre-surgical deformations of bone fracture 
fixation plates ......................................................................................................................... 93 
Figure ‎3-34 4
th
 Axis of the developed RA for pre-surgical deformations of bone fracture 
fixation plates ......................................................................................................................... 93 
Figure ‎3-35 5
th
 Axis of the developed RA for pre-surgical deformations of bone fracture 
fixation plates ......................................................................................................................... 93 
Figure ‎3-36 6
th
 Axis of the developed RA for pre-surgical deformations of bone fracture 
fixation plates ......................................................................................................................... 94 
Figure ‎3-37 7
th
 Axis of the developed RA for pre-surgical deformations of bone fracture 
fixation plates ......................................................................................................................... 94 
Figure ‎3-38 Developed RA for pre-surgical deformations of bone fracture fixation plates .. 95 
Figure ‎3-39 Stress contour and safety factor of the RA parts attained by finite element 
analysis ................................................................................................................................... 96 
Figure ‎4-1 Example of plate fracture during healing (Strauss, et al., 2008) ........................ 101 
Figure ‎4-2 Distribution of strain determined by the simple beam-beam theory; (a) Linear 
distribution for fibre elongations and contractions. (b) Distribution of engineering strain. (c) 
Distribution of true strain. (Semiatin, 2006) ........................................................................ 102 
Figure ‎4-3 Definition of parameters in plane strain bending (I. A. Burchitz, 2008) ............ 105 
Figure ‎4-4 Basic concept of springback measurement, θ (a) unloading and (b) loading. 
(Abdullah, et al., 2012) ........................................................................................................ 106 
Figure ‎4-5 Results of straight flanging in form of trend-lines (Livatyali, et al., 2001)........ 108 
Figure ‎4-6 Stages of the Bauschinger effect during cyclic deformation (Yoshida, et al., 
2003). ................................................................................................................................... 110 
Figure ‎4-7 Stress concentration in plate with a single hole (Pilkey, et al., 2008) ................ 113 
Figure ‎4-8 Stress concentration factors of     and     for tension of a finite-width in 
element with a circular hole (Howland 1929–1930) (Pilkey, et al., 2008). ......................... 114 
Figure ‎4-9 Combination of two stress raisers including a circular and an elliptical hole 
(Pilkey, et al., 2008) ............................................................................................................. 115 
Figure ‎4-10 Macro flowchart of basic FEM procedure (G. R. Liu, et al., 2010) ................. 117 
Figure ‎4-11 Multilinear stress-strain curves of Annealed stainless steel 316L, Cold-worked 
Stainless Steel 316L and Ti-6Al-4V extracted from the standards of ASTM F136-08 and 
ASTM F138-08 .................................................................................................................... 119 
 
xiv 
 
Figure ‎4-12 Schematic view of distal tibial and straight plates (without scale) ................... 120 
Figure ‎4-13 Correct surgical alignment of the plate undersurface. The plate is represented by 
the colour-coded map of the deviations (Schmutz, et al., 2011) .......................................... 121 
Figure ‎4-14 Geometry of SOLID186 Structural Solid element (ANSYS® Academic 
Research, 2013) .................................................................................................................... 125 
Figure ‎4-15 Schematic view of the four point bending test; A: General arrangement of Four-
point bending test advised by ISO 9585 (International Organization for Standardization 
(ISO), 1990); B: the dimensions applied in the current research ......................................... 133 
Figure ‎4-16 Experimental setup of the four point bending validation test ........................... 133 
Figure ‎4-17 Force-Deflection diagram of four-point-bending test of Stainless Steel 316L 
distal tibial plate attained from the experimental validation tests and FEM simulations ..... 134 
Figure ‎4-18 Shape of the distal tibial plate after four point bending test ............................. 134 
Figure ‎4-19 Experimental setup of torsional validation test................................................. 135 
Figure ‎4-20 Torque-Torsional degree curves of the torsion test of Stainless Steel 316L distal 
tibial plate ............................................................................................................................. 136 
Figure ‎4-21 Comparison of Bending strength and Bending Structural Stiffness of the current 
study with similar ones of a former published result (DeTora, et al., 2008) ........................ 136 
Figure ‎4-22 Surface errors in the model of distal tibial plate after importing the geometric 
model from CAD software ................................................................................................... 138 
Figure ‎4-23 Re-generated model of the under-surface of distal tibial plate before and after 
deformation .......................................................................................................................... 138 
Figure ‎5-1 Configuration of the bone plate at the end of loading and unloading steps ........ 140 
Figure ‎5-2 Springback effect of distal tibial and straight plates at proximal end due to 
bending ................................................................................................................................. 141 
Figure ‎5-3 Change in the springback effect through bending the proximal end of the distal 
tibial plate ............................................................................................................................. 143 
Figure ‎5-4 Change in springback effect through bending straight bone plate ...................... 143 
Figure ‎5-5 Loading details in simulations of distal tibial plate ............................................ 144 
Figure ‎5-6 Typical stress concentration in bending the distal tibial bone plate (Left) and 
straight plate (Right) ............................................................................................................. 146 
Figure ‎5-7 Stress concentration in bending the distal tip of the distal tibial plate................ 146 
Figure ‎5-8 Bending the distal end of distal tibial plate from a place between two holes (Left) 
and through a hole (Right).................................................................................................... 147 
Figure ‎5-9 Modified bending Configuration of tibial plate in distal end and proximal tip .. 148 
Figure ‎5-10 Schematic view of torsional deformations of a bone plate ............................... 149 
 
xv 
 
Figure ‎5-11 Configuration of bone plate after loading and unloading steps in springback 
analysis of torsional deformations ....................................................................................... 150 
Figure ‎5-12 Configuration of the distal tibial plate for the FEA of the springback effect in 
torsional deformations ......................................................................................................... 150 
Figure ‎5-13 Change in springback effect of tibial plate through torsional deformation ...... 151 
Figure ‎5-14 Changes in springback effect of straight and distal tibial bone plates through 
torsional deformations ......................................................................................................... 152 
Figure ‎5-15 Changes in the springback effect of distal tibial bone plates in torsional 
deformations when the distance of ‘a’ changes ................................................................... 153 
Figure ‎5-16 Change in springback effect due to increasing the distance between the fixed and 
loading areas of distal tibial plate ........................................................................................ 153 
Figure ‎6-1 Isolation of the bone fracture region (Robert, et al., 2006) ................................ 159 
Figure ‎6-2 Fitting the template of the plate onto the bone (Robert, et al., 2006) ................. 159 
Figure ‎6-3 Bending the bone plate by bending irons (Robert, et al., 2006) ......................... 159 
Figure ‎6-4 Bending the bone plate by pliers (Robert, et al., 2006) ...................................... 160 
Figure ‎6-5 Assessment of the fitting conditions of the deformed bone plate with the template 
(Robert, et al., 2006) ............................................................................................................ 160 
Figure ‎6-6 Precontoured proximal tibial plates fitted manually to bones for assessment. 
(Goyal, et al., 2007) ............................................................................................................. 161 
Figure ‎6-7 3D models of a distal medial tibial fracture fixation plate and a tibia constructed 
from CT/MRI scans ............................................................................................................. 162 
Figure ‎6-8 Flowchart of the algorithm proposed for optimization of the fitting of fracture 
fixation plates and the underlying bone ............................................................................... 165 
Figure ‎6-9 Flowchart of the proposed approach; Left: pre-processing steps, right: iterative 
plate fit and deformation ...................................................................................................... 167 
Figure ‎6-10 Typical format of data exported into fit assessment complex .......................... 168 
Figure ‎6-11 Process of developing default plate undersurface from meshed model ........... 169 
Figure ‎6-12 Creation of the default geometric model in Solidworks; Top: Original solid 
model. Bottom: Solid model with higher number of partitions. .......................................... 170 
Figure ‎6-13 Surgical alignment of the plate undersurface; The plate is represented by the 
colour-coded map of the deviations (Schmutz, et al., 2011) ................................................ 171 
Figure ‎6-14 Types of the deformation simulated on the distal tibial plate .......................... 172 
Figure ‎6-15 Typical layout of the multiple-step analysis performed in ANSYS ................. 172 
Figure ‎6-16 Deformation of distal tibial plate consisting the twisting of the shaft by gripping 
the plate at D and applying displacements at A and B, and bending of the distal end by 
gripping the plate at D and applying displacement at C. ..................................................... 174 
 
xvi 
 
Figure ‎6-17 Deformation parameters for multiple bending in the shaft ............................... 174 
Figure ‎6-18 Typical trial for finding optimal loading and fixation areas through deformation 
of distal tibial plate ............................................................................................................... 175 
Figure ‎6-19 Fit assessment of the deformed model of the distal tibial plate on tibiae ......... 176 
Figure ‎6-20 Existing five non-fit cases; Red ovals highlight that non-fitting subregion for 
each case. .............................................................................................................................. 176 
Figure ‎6-21 Deformation setup to improve fit of the distal-anterior (a) and the proximal-
posterior (b) subregions; Purple: gripping area, Yellow: loading area. ................................ 177 
Figure ‎6-22 Safety factor result for distal deformation at distal-anterior region; (a) 1mm 
bending (according to Figure ‎6-21, a) (b) 3mm bending at the same location ..................... 177 
Figure ‎6-23 Safety factor result for distal deformation at proximal-posterior region; (a) 1mm 
bending (according to Figure ‎6-21, b) (b) 3mm bending at the same location .................... 178 
Figure ‎6-24 Deformation limitations of the distal tip of distal tibial plate causing absolute 
non-fitting ............................................................................................................................. 179 
Figure ‎6-25 Procedure of cold forming of the distal tip of the distal tibial plate ................. 180 
Figure ‎6-26 Thickness of distal tibial plate in distal tip ....................................................... 181 
Figure ‎6-27 Different available versions of a bone plate differing in length, material and 
body side (Synthes Medical Devices Co., 2010). ................................................................. 183 
Figure ‎7-1 Modification of a hip implant to fit the  intended patient (Frykman, 2010) ....... 195 
  
  
 
xvii 
 
List of Tables 
Table ‎3-1 Summary of evaluation of the studied products .................................................... 66 
Table ‎3-2 Technical comparison among different kind of power supplying systems (Bosch 
Rexroth Corporation, 2006) ................................................................................................... 73 
Table ‎3-3 Estimated minimum mechanical properties of Al2024-T4 (Kaufman, 2009), AISI 
1045 (AZoNetwork UK Ltd., 2013) and C92300 (Cohen, 1990) .......................................... 89 
Table ‎4-1 Representation of Bauschinger effect (Chun, et al., 2002) .................................. 111 
Table ‎4-2 Material properties of Annealed stainless steel 316L, Cold-worked Stainless Steel 
316L and Ti-6Al-4V (ASTM, 2003a, 2003b) ...................................................................... 119 
Table ‎4-3 Specifications of the fracture fixation plates used in this thesis .......................... 120 
Table ‎5-1 Safety factor of 4mm bending of distal tibial (proximal end) and straight plates 145 
Table ‎5-2 Safety factor of bending the distal tip of a distal tibial plate for 2mm ................ 146 
Table ‎5-3 Summary of the comprehensive FEA performed in the current thesis ................ 154 
Table ‎6-1 Values of the coefficient of minimum bending radius, c, (Boljanovic, 2004)..... 180 
 
 
xviii 
 
List of Abbreviations 
Abbreviation Description 
2D Two dimensional 
3D Three dimensional 
Al Aluminium 
AMT Advanced manufacturing technology 
C Thickness of elastic band (in springback analysis) 
CAD Computer Aided Design 
CMM Coordinate measuring machine 
CNC Computer numerical control 
CP Compression plate  
Cr Chromium 
CW SS Cold worked Stainless steel. Refers to forged stainless steel 316L 
DCP Dynamic compression plate  
DoF Degrees of freedom 
DoF Degree of freedom 
DVD “Digital Video Disc” or “Digital Versatile Disc” 
E Modulus of elasticity 
FEA Finite element analysis 
FEM Finite element method 
h Height 
HPC High Performance Computer 
K Stress concentration factor 
l Length 
LCP Locking Compression Plate  
LISS Less Invasive Stabilization System  
 
xix 
 
M&S Modelling and simulation 
NC Numerical control 
PC-fix Point-contact fixator  
PDP Product development process 
PRP Product realisation process 
QC Quality Control 
QFD Quality function development 
QUT Queensland university of technology 
RA Robotic arm 
Rn Bending radius 
RP Rapid prototyping 
SIT Systematic Inventive Thinking 
SS Stainless Steel 
SS (CW) Cold worked Stainless steel. Refers to forged stainless steel 316L 
T (also T) (Overall) Thickness 
Ti Titanium 
TRIZ Teoriya resheniya izobretatelskikh zadatch (Theory of Innovative 
 Problem Solving) 
UTS Ultimate Tensile Strength 
V&V Verification and Validation 
VP Virtual prototyping 
VR Virtual reality 
W Width 
YS Yield Strength 
. 
 
xx 
 
Statement of Original Authorship 
The work contained in this thesis has not been previously submitted to meet 
requirements for an award at this or any other higher education institution. To the 
best of my knowledge and belief, the thesis contains no material previously 
published or written by another person except where due reference is made. 
 
Signature: QUT Verified Signature 
Date:  22/05/2014 
 
xxi 
 
Acknowledgements 
I would like to thank all those people who have contributed to this research, 
whether it is by providing assistance, encouragement, advice, or funding. 
My sincerest gratitude goes to my principal supervisor, Professor Prasad 
K.D.V. Yarlagadda, for his sustained support and guidance. His dedication to quality 
work supported by his authentic knowledge about the Mechanical Design 
Engineering topics and leadership were treasures available to me towards completion 
of this thesis. I sincerely appreciate his continuing advice on academic and personal 
matters over my course. 
I also would like to offer my special thanks to my associate supervisor Dr Beat 
Schmutz because of his valuable technical contribution. Similarly, I thank the other 
associate supervisors Professor YuanTong Gu and Professor Michael Schuetz. It was 
a pleasure to work with this supervisory team. 
This research would not be possible without the financial support I received 
from Australian Research Council (ARC) Linkage Grant (ARC LP: LP0990250) in 
conjunction with Science and Engineering faculty (SEF), and Institute of Health and 
Biomedical Innovation (IHBI), Queensland University of Technology (QUT). I 
sincerely appreciate the opportunity that I was given to be part of their research 
project. 
I gratefully appreciate Dr Reza Ghorbani, Assistant Professor of M.E. at 
University of Manitoba, and Dr Prasad Gudimetla, who generously provided 
technical support in the design of the Robotic Arm and the finite element analyses.  
 
xxii 
 
Assistance from the specialists at the Institute of Science and Engineering 
Faculty (SEF), Health and Biomedical Innovation (IHBI) and the High Performance 
Computing & Research Support (HPC) group is highly appreciated. In particular, I 
would like to thank Dr Lance Wilson, Mr Mark Barry, Mr Armin Liebhardt and Mr 
Gregory Paterson for their kind technical support in perfuming the finite element 
analyses and validation of the models. 
I would like to express my sincere appreciation to Professor Acram Taji, the 
former Director of International Graduate Research Students, who kindly supported 
and encouraged me at all the stages of my course. Support from the faculty research 
student team and the general editorial assistance of Ms Diane Kolomeitz in resolving 
minor grammatical and technical writing issues within the thesis is also 
acknowledged. 
I wish to sincerely thank all my friends in Brisbane whose support and 
encouragement contributed greatly to making my life in Australia a memorable and 
pleasant experience. 
Last and most important, I would like to thank my parents and all my family 
members who have been a great source of inspiration and encouragement in my life. 
 
Introduction 
 
1 
 
Chapter 1:  Introduction 
This chapter concisely explains the thesis. It is provided in five sections. 
Section 1.1 explains the background of the problem. The section 1.2 defines the 
research problem and outlines the objectives. Section 1.3 explains the significance of 
the thesis and, following that, section 1.4 describes the methodology. Finally, section 
1.5 addresses the structure of this dissertation by an introduction to the chapters to 
come. 
1.1. Background 
Outstanding results of implementations that have ensued from significant 
advances in the structure and the material of orthopaedic bone plates have made them 
highly popular for bone fracture fixation. However, when using fracture fixation 
plates, the quality of the fixation is affected by implantation parameters. To date in 
2013, several studies have been conducted and most of the parameters, such as the 
material (Ali et al., 1990; J. S. Bradley, Hastings, & Johnson-Nurse, 1980; Shikinami 
& Okuno, 2001; Uhthoff, Bardos, & Liskova-Kiar, 1981; Uhthoff & Finnegan, 1983) 
and structure of the plates (Beaupré, Carter, Dueland, Caler, & Spengler, 1988; 
Cheal, Hayes, White Iii, & Perren, 1983; Woo, Simon, Akeson, Gomez, & Seguchi, 
1983), size and total number of the involved screws (Cordey, Borgeaud, & Perren, 
2000; Törnkvist, Hearn, & Schatzker, 1996), fracture gap (Oh et al., 2010), plate 
positioning (Blecha et al., 2005) and appropriate fitting of the plate and the 
underlying bone (Fouad, 2010)  have been investigated. However, less attention has 
been paid to some of the parameters. For example, so far the fitting of the plate and 
the underlying bone has been assessed visually and therefore the results of the fitting 
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is human-dependent. Similarly, to date the deformation techniques and apparatus 
implemented in orthopaedic surgeries have not been upgraded notably. Nowadays 
the plates are deformed by means of manual tools. The current thesis has been 
proposed to cover the subjects of pre-surgical fit assessment and the apparatus 
implemented for deformation of the plates during surgery. 
1.2. Problem Definition and the Research Objectives 
Nowadays, orthopaedic bone plates are precontoured to the specific anatomic 
region and therefore are available in a variety of configurations. From a clinical point 
of view, achieving a good fitting is highly necessary because an anatomically well-
fitting plate can greatly facilitate the process of closed reduction in terms of axial and 
rotational alignment of the main fragments (Schmutz et al., 2011). Furthermore, such 
a plate may additionally protrude less with a nominal soft-tissue envelope and 
therefore minimize soft-tissue impingement/irritations (Schmutz, Wullschleger, Kim, 
Noser, & Schütz, 2008). 
However, any type of fracture fixation plate has to be provided in a mean shape 
that fits reasonably to the underlying bone (instead of perfect fitting). Providing 
multiple configurations of any type of the plates increases the cost of the product 
significantly and induces logistical problems to hospitals and the manufacturers. 
Studies on fit assessment of distal tibial plates show that, due to the vast variety of 
bone morphologies in comparison with the plates, only 19% of the plates fit to the 
underlying bone initially (Schmutz, et al., 2008). While, from a mechanical point of 
view, a perfect fit between plate and the underlying bone is not necessary, it is still 
vital to attain the closest possible fit to ensure optimal load transfer (Ahmad et al., 
2007). Thus, in many cases the plates are necessarily deformed during surgery to 
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ensure the appropriate fitting. Deformation includes bending and twisting of the plate 
at specific points with specific values. Currently the fitting conditions are assessed 
visually or by means of a bone template and the deformations are performed by 
means of manual apparatuses. In other words, there is no technique available to 
implement during surgery to assess the fitting of the orthopaedic bone plate 
quantitatively.  
Also, even if the fitting is assessed quantitatively and the parameters of the 
optimal fitting are extracted, it is not easy to achieve the optimal fitting during 
surgery because the current apparatuses are not accurate enough to obtain the desired 
quality. Indeed, they are totally manual and the results of the deformations depend on 
human factors, e.g. mental state, emotional state, physical state, human capabilities 
and human limitations.  
The present thesis has been conducted in two phases and has intended to 
develop: 
 An innovative machine for pre-surgical deformations of bone fracture 
fixation plates. 
 An advanced method for fit assessment and extracting the data needed for 
the optimal fitting of the plate and the underlying bone  
The second phase of this thesis has been conducted collaboratively together 
with another PhD thesis, which is administrated by the same supervisory team. That 
thesis studies the fit assessment automation and the current thesis has concentrated 
on the simulation of the deformations of the plates during surgery. 
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1.3. Research Significance 
This research is highly significant because it addresses the abovementioned 
gaps and provides a comprehensive solution for making patient specific bone fracture 
fixation plates. It develops a novel system for fit assessment/optimization and 
deformation of bone fracture fixation plates during surgery. By means of this system 
there will be no need for the physical trial-and-errors of plate deformation during 
orthopaedic surgeries and the quality of the fitting will increase significantly. 
Besides, the pre-surgical plate preparation time will decrease and the human factor 
errors will be minimized. 
1.4. Research Methodology 
This research has been carried out in two phases. Each phase has included 
several steps. Some steps of these two phases have been performed in parallel and 
the others serially. The first phase involved the design of an innovative intelligent 
machine for automatic deformation of the fracture fixation plates. It was necessary to 
develop a machine with a high degree of freedom (DoF). The design phase was 
broken down into the steps of problem definition, machine design and prototyping. 
Each step was broken down into a number of sub-steps. Problem definition included 
the sub-steps of subject clarification, literature review and specification elaboration. 
The steps of machine design included the sub-steps of conceptual design, 
embodiment design and detailed design. A standard of ASTM and the technical 
specifications of the Harmonic Drive Company (Harmonic Drive LLC., 2012a, 
2012b, 2012c)  were applied through the design. SOLIDWORKS 3D modelling 
software and ANSYS finite element method software were implemented in this 
phase.  
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As mentioned in the Problem Definition section (1.2), the second phase has 
been conducted in collaboration with another PhD thesis
1
. In total, this phase has 
included the:  
 Study on the deformations of orthopaedic bone plates using finite element 
method. 
This step included the structural finite element analysis of bending and 
twisting of fracture fixation plates and investigation on the deformation 
thresholds with respect to the existing biomaterials, clinical requirements 
and the structure of the plate. It also included the studies on the springback 
effect, stress concentration and safety of each deformation. Two types of 
the fracture fixation plates, i.e. a distal tibial plate and a straight tibial 
plate, were examined in this step. 
 Development of a novel algorithm for positioning and fit assessment of the 
fracture fixation plates on the underlying bones as well as definition of the 
deformations needed for the optimal fitting of the plate on the underlying 
bone 
The algorithm developed in this step was based on the virtual positioning 
of a 3D model of the plate on the 3D model of the bone, quantitative 
assessment of the fitting quality, extraction of the deformation details in 
                                                                
1
 This thesis entitled “The Automation of Implant Fitting for a Distal Tibial Plate” is 
about developing an automated alignment algorithm for distal tibial plate. The alignment 
algorithm is a virtual tool for automatic plate fitting that enables surgically optimal 
positioning based on quantitative fit analysis of the individual bones. This algorithm is being 
prototyped on 45 tibiae models, and will enable the processing of larger bone datasets. As a 
result, better-fitting plates can be manufactured and supplied. It is expected to reduce the risk 
and cost associated with complications or corrective procedures by the proposed algorithm. 
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case of non-fitting, virtual deformation of the plate using the finite element 
method and iteration of these steps till achieving optimal fitting of the 
plate and the bone. In the development of the algorithm, the current thesis 
was responsible for performing the deformations and transferring the 
results of the finite element analyses into the plate positioning and fit 
assessment. The plate positioning and fit assessment were performed 
through the other thesis. 
In this thesis the algorithm was examined on a distal tibial plate and 45 
bone models and a library of optimal deformations was generated. 
In total this phase has been performed through the following sub-steps: 
 Preliminary analysis  
 Model validation 
 Comprehensive analysis 
Preliminary analysis included the geometric model import, solving the 
compatibility problems, definition of optimal material model and running 
the initial analyses for validation. Validation has been done by comparison 
of the results of the finite element model with practical tests. A four-point 
bending test method, advised by ASTM F382-99 (ASTM International, 
2008) and ISO 9585 (International Organization for Standardization 
(ISO), 1990), and a twisting test, similar to the practice, were followed. 
Validation tests were performed on stainless steel medial distal tibial 
precontoured locking compression plates. Comprehensive analysis 
included all previously mentioned studies as well as the collaborative 
algorithm development. 
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1.5. Dissertation Outline 
All abovementioned topics have been thoroughly discussed in the following 
chapters. Chapter 2 provides a literature review and defines the problem. Chapter 3 
goes into the development of an innovative automatic machine for deforming 
orthopaedic bone plates during surgery. Chapter 4 addresses the preliminary finite 
element analysis of the deformation of fracture fixation plate and the validation tests. 
Continued by Chapter 5, the comprehensive finite element analysis of the 
deformations of the fracture fixation plates has been discussed. Chapter 6 consists of 
the development of a new algorithm for automatic fit assessment and optimization of 
fracture fixation bone plates. Finally, Chapter 7 provides a summary of the findings 
of the thesis and recommends future studies. 
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Chapter 2:  Literature Review 
2.1. Introduction 
Regarding the main objectives of the thesis, the current chapter includes the 
review of the literature about: 
 Evolutions of orthopaedic bone plates in structure and biomaterial 
 Gap between bone plate and the underlying bone 
 Deformation apparatus of the bone plates 
 Finite element method and its applications in analysis of the fracture 
fixation plates 
Existing research gaps as well as significance of the current research are 
explained afterward to give a more comprehensive view in the chapters to follow. 
2.2. Orthopaedic Bone Plates 
Considering the orthopaedics principles, most fractures can be treated by a 
variety of fixation methods (Buckwalter, Einhorn, & Marsh, 2001). However, 
internal fixators offer a flexible fixation and allow long-term treatment (Perren, 
2002). In addition, providing primary strength to bone, internal fixation allows early 
functional mobilization (Bucholz, Heckman, & Court-Brown, 2006; Schütz & 
Südkamp, 2003) with at least partial weight bearing. Despite being disruptive to the 
biologic environment, patients are usually more comfortable with this after surgery 
(Bucholz, et al., 2006). It provides the best articular anatomy and patients treated by 
this method have less possibility of developing secondary osteoarthritis (Kapoor, 
Literature Review 
 
9 
 
Agarwal, & Dhaon, 2000). Using this method, healing occurs successfully even if 
there is a gap at fracture (Stiffler, 2004). 
Internal fixation can be done by means of wires, nails or rods, pins, screws and 
plates. Currently, bone plates are the most frequently used among all these implants 
(Stiffler, 2004). Orthopaedic bone plates resist well against tension, compression, 
shearing, rotational forces and bending forces (Stiffler, 2004). In addition, they are 
available in an abundance of sizes, shapes and designs. 
All advantages of the plates have come after significant developments in 
different aspects, including structure, material, mechanical and biological 
characteristics, and implementation techniques.  
2.2.1. Developments in Structure and Implementation Techniques 
2.2.1.1. Chronological evolution of orthopaedic bone plates 
Implementation of the bone plates was firstly reported in 1886 by Hansmann. 
Lambotte and then Sherman continued his work in 1909 and 1912 (Schütz, et al., 
2003) (Figure 2-1) . The first invented bone plates were working just as a retainer. 
They did not allow approximation of the bone fragments. Fractures treated with this 
method had insufficient stability, and often required additional splinting. On the 
other hand, severe corrosion, breaking, loosening screws and some bacterial 
infections formed on implants usually led to a reduction of blood supply to the bone 
(Sauerbier, Schön, Otten, Schmelzeisen, & Gutwald, 2008) and they were eventually 
abandoned (Uhthoff, Poitras, & Backman, 2006). Studies on structure of bone plates 
led to the “Compression Plate” (CP) (Figure 2-1) in 1949 (Sauerbier, et al., 2008). 
Widespread use of this plate was limited by its structural weakness, resulting in 
instability of the fixation and causing problems in healing (Uhthoff, et al., 2006). So 
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studies continued and the “Dynamic Compression Plate” (DCP) was introduced in 
1969 (Schütz, et al., 2003). The advantage of DCP included stable internal fixation 
and removal of the external immobilization (Uhthoff, et al., 2006). This plate 
included holes for axial compression, which was achieved with eccentric screw 
insertion. 
 
Figure 2-1 (A) Hansmann’s plate (Sauerbier, et al., 2008). (B) Lambotte’s plate. (C) 
CP introduced by Danis (Uhthoff, et al., 2006) 
Despite significant improvement in bone fracture healing, DCP delayed 
mating, cortical bone loss under the plate and microscopic gaps on the bone after 
removing the plate. It was also acting as a stress concentrator raising the probability 
of bone re-fracture (Uhthoff, et al., 2006). DCP plating methods were based on using 
an adequate number of bicortical anchoring screws to press the plate with high 
compressive force against the bone fragments. Thereby it created a stable bone–
implant connection, which caused disturbance of the periosteal blood circulation and 
bone necrosis. This led to development of the limited-contact dynamic compression 
plate (LC-DCP) in which the contact surface was reduced by more than 50% 
compared with the conventional DCP (Schütz, et al., 2003) (Figure 2-2). However, 
the principle of plate osteosynthesis with compressive forces acting against the bone 
was present and the problems had not been totally solved. 
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Figure 2-2 Dynamic Compression Plate (DCP) (Uhthoff, et al., 2006) 
In order to eliminate the ill-effects of any plate to bone contact, a completely 
different approach had to be chosen. The point contact fixator (PC-Fix) (Figure 2-3) 
was the first version of these plate-fixators in which angular stability was achieved 
by a conical connection between screw heads and screw holes. Furthermore, the use 
of unicortical self-tapping screws seemed as equally effective as external fixation in 
obtaining a stable construct (Schütz, et al., 2003; Sommer, 2006). During healing, the 
head of a screw had produced a nearly “cold-forged” connection between the screw 
head and the screw hole, which sometimes made it difficult to remove individual 
screws. Therefore, a “Less Invasive Stabilization System” (LISS) (Figure 2-3) was 
introduced by developing a new thread connection between the screw head and 
screw hole. In LISS, the plate is inserted through the skin and fixed to the bone with 
locked unicortical screws. Locking head screws are used to lock the plate tightly. 
Unlike the compression screw, this screw-plate combination does not require friction 
between the plate and the underlying bone for stabilization. Therefore, in this system 
the plate does not have to be adapted exactly to the shape of the bone (Sommer, 
2006; Taljanovic et al., 2003). 
Later, the “Locking Compression Plate” (LCP) (Figure 2-3) was released in 
2000, based on the combination of the anchorage technologies of PC-Fix and LISS 
systems in one implant (Sommer, Gautier, Müller, Helfet, & Wagner, 2003). 
Nowadays, nearly all plate shapes have been equipped with the new locked 
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compression plate (LCP) hole that allows implementation of both conventional 
cortex screws and angular-stable screws (Schütz, et al., 2003). Accordingly, 
depending on the approach of the surgery, LCPs can be applied in three ways as a 
conventional LCP, pure internal fixator (PIF) or combination of both LCP and PIF 
(Sommer, 2006). Selecting the method for surgery depends on the quality of bone, 
situation of fracture, anatomical region and the surgeon’s preference. 
Despite all the advantages of LCP, improvement was still required for a better 
healing process. Therefore, an anatomically pre-shaped LCP (Figure 2-3) was 
introduced in 2001, for fracture fixation of various anatomical regions. This pre-
shaped (also called precontoured) plate allows all screws to be centrally anchored in 
the bone when fixed laterally. Pre-shaped LCP is very helpful in corrective surgery 
of the bone when the fracture is close to joints. 
 
Figure 2-3 Different types of internal fixators (Schütz, et al., 2003; Synthes Medical 
Devices Co., 2010) 
Although pre-shaped LCP provides crucial advantages, it is not yet ideal. 
Generally it is non-biodegradable, and then has to be removed via another surgery 
after healing or to be kept in the limb forever. Its structure is fixed and thus it cannot 
comply with the changes during fracture healing. An ideal fixator facilitates fast 
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healing, leading to full functionality of the injured extremity with the least suffering 
during healing and minimum aftermath. Advances in biomaterials of bone plates can 
significantly improve their characteristics and then a new generation of bone plates 
can be introduced. 
2.2.1.2. Summary 
Since the introduction of orthopaedic bone plates, they have evolved 
substantially in structure. Consequently CP, DCP, LC-DCP, PC-Fix, LISS plate, 
LCP and Precontoured LCP have been introduced. Plates have been changed from a 
solid fixator to bioactive healing facilitator. While all advances in shape and 
implementation techniques are highly important, further improvements are needed. 
Current plates are mostly unresorbable, and then can cause toxicity by accumulation 
of metal ions due to corrosion. They can also lead to premature failure due to 
heterogeneous stress distribution, which is caused by higher elastic modulus of the 
implant compared with bone. 
2.2.2. Biomaterials of Bone Plates 
The origin of biomaterials dates back to thousands of years ago, as 
archaeologists have found that metal dental implants have been used since 200 A.D. 
However, most of the significant developments in this field have happened since 
World War II (Temenoff & Mikos, 2008).In total, biomaterials are defined as 
artificial or natural materials used in manufacturing structures for replacing the lost 
or diseased biological structure to restore its form and function (Geetha, Singh, 
Asokamani, & Gogia, 2009). Since a biomaterial can exhibit specific interactions 
with cells that will lead to a stereotyped response (Yarlagadda, Chandrasekharan, & 
Shyan, 2005), its performance is controlled by two characteristics of biofunctionality 
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and biocompatibility (Geetha, et al., 2009; Golish & Mihalko, 2011; Navarro, 
Michiardi, Castaño, & Planell, 2008). Biofunctionality refers to mechanical 
properties of the biomaterial, whereas biocompatibility determines the compatibility 
of the material with the body (Gotman, 1997). Application of any biomaterial 
depends on various factors, such as osteoinduction, osteoconduction angiogenesis, 
growth rate of cells, and degradation rate of the biomaterials in case of temporary 
scaffolds (Yarlagadda, et al., 2005). 
Generally, biomaterials can be classified as organic if they contain carbon, or 
inorganic if they do not. In parallel, they can be classified into bioinert, bioactive, 
biodegradable, and materials with a possibility of bimolecular incorporation 
(Navarro, et al., 2008; Rezwan, Chen, Blaker, & Boccaccini, 2006). Bioinert 
biomaterials decrease the potential for a negative immune response to the implant, 
while bioactive materials interact in a positive manner with the body to promote 
localized healing (Temenoff, et al., 2008). Although biodegradable materials are the 
latest advance, the other two generations are used widely in manufacturing 
orthopaedic devices including bone plates. Since any kind of improvement in 
biomaterials of bone plates directly affect developments in structure and 
implementation techniques of bone plates, recent developments and future trends of 
the biomaterials of orthopaedic bone plates are reviewed in the following sections. 
This will cover biometals, polymers, biocomposites and bioceramics.  
2.2.2.1. Biometals 
Biometals are the most common biomaterials for manufacturing medical 
devices including bone plates (Krischak et al., 2004). Biometals are inorganic 
metallic biomaterials (Temenoff, et al., 2008). They are neither bioactive (Navarro, 
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et al., 2008; Yarlagadda, et al., 2005) nor biodegradable. Among biometals, stainless 
steel, cobalt alloys and titanium alloys have the most applications in orthopaedics. 
I. Stainless Steel 
Stainless steel is the most common biomaterial in manufacturing bone plates 
due to its advantages such as mechanical strength, cost, manufacturability, and 
deformation of implant during surgery (Krischak, et al., 2004). In practice, stainless 
steel AISI 316L (ASTM F138 & F139) has the most biomedical applications because 
of its better fatigue strength, more ductility and better machinability (Özbek, 
Konduk, Bindal, & Ucisik, 2002). However, it contains Nickel, which has the 
potential for toxicity, sensitization and allergy (Singh & Dahotre, 2007). Therefore, 
Ni-free stainless steels have been recently developed for use in the orthopaedic field 
(Niinomi, 2008; Tulinski & Jurczyk, 2010, 2011; Younesi & Bahrololoom, 2010). In 
general, stainless steel is suitable in temporary implant devices such as fracture 
plates, screws and hip nails (Özbek, et al., 2002). A temporary implant is expected to 
provide support and assist in cell/tissue growth until the tissue/cell regains its 
original shape and strength (Yarlagadda, et al., 2005).  
II. Cobalt-Chromium Alloys 
ASTM has recommended four types of cobalt-chromium (Co-Cr) alloys for 
surgical implant applications including cast Co-Cr-Mo alloy (F75), wrought Co-Cr-
W-Ni alloy (F90), wrought Co-Ni-Cr-Mo alloy (F562) and wrought Co-Ni-Cr-Mo-
W-Fe alloy (F563) (J. B. Park & Kon Kim, 2000). Although cobalt based alloys are 
highly resistant to fatigue and cracking caused by corrosion (Navarro, et al., 2008), 
especially to attack by chloride within crevices (Sudhakar, 2005), they may fail 
because of fatigue fracture; of course this probability is less than for stainless steel 
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stems (Sudhakar, 2005). In vitro studies (J. B. Park, et al., 2000) have indicated that 
some types of Co-alloys are toxic to humans, while other types are well tolerated by 
cells. It is also observed  that cobalt alloys have lower biocompatibility and higher 
mechanical resistance compared with titanium alloys (Frosch & Stürmer, 2006; 
Niinomi, 2008). In general, poor fabricability and high costs mean that Co-based 
alloys are currently unsuitable for broad use in bone plates (Frosch, et al., 2006). 
III. Titanium Alloys 
Only four grades of commercially pure titanium (cpTi) are distinguished for 
medical applications (ISO 5832-2) (Frosch, et al., 2006). These alloys (ASTM F67) 
and Ti-6Al-4V ELI alloy (ASTM F136) are widely used for biomedical applications 
(Alexander, Brunski, & Cooper, 1996). However, the strength of cpTi is insufficient, 
and the metals of vanadium (V) and Aluminium (Al) in Ti-6Al-4V ELI alloy are 
harmful elements. So Ti alloys without any harmful elements have been recently 
developed (Nomura, 2010). Furthermore, other studies (Geetha, et al., 2009) are 
conducted to improve the wear resistance of Ti-based materials. In this way, the 
alloys of Titanium and Zirconium (Ti-Zr) have been advised because of good 
responses in terms of biofunctionality and biocompatibility (Gotman, 1997). 
Shape memory alloys (SMA) possess certain original properties, particularly 
their ability to return to their memorized shape by a simple change of temperature 
(Mantovani, 2000). SMAs have been considered for medical applications because of 
their capabilities for recovering their original shape after large deformations induced 
by mechanical load and for maintaining the deformed shape up to the heat-induced 
recovery of the original shape (Petrini & Migliavacca, 2011). Despite the 
disadvantages of nickel, Ni-Ti (Nitinol) (Golish, et al., 2011; Henderson & Buis, 
2011; Petrini, et al., 2011) and Ti-Ni-Ag (Zheng et al., 2011) alloys have been 
Literature Review 
 
17 
 
studied  for orthopaedics and it has been shown (Zheng, et al., 2011) that they do not 
cause toxicity and sensitization problems. 
Due to  excellent properties such as mechanical properties, corrosion 
resistance, fatigue-corrosion resistance, low-density and relatively low modulus, the 
advantages of Ti alloys over stainless steel,  Co-Cr alloys and other industrially 
available biomaterials, is remarkable (Krischak, et al., 2004; Uhthoff, et al., 1981). 
However, they cannot be recommended as the “golden standard” for fracture fixation 
because of foreign-body reaction in local tissues and poor processing capabilities 
(Krischak, et al., 2004; Navarro, et al., 2008). In general, Ti alloys have been seen  as 
the best available biomaterial for bone plate fabrication (Biehl & Breme, 2001). 
Additionally, their coating possibility with layers of bioactive ceramics induces 
specific reactions of the biological system and improves its biocompatibility and 
bioactivity for permanent implantation. 
IV. Other Biometals 
Several other metals have been studied for implant applications. Among the 
biodegradable metallic materials, Magnesium has attracted the greatest interest 
(Vojtech, Kubásek, Serák, & Novák, 2011; Witte, 2010). It is non-toxic to the human 
body and excessive amounts can be readily excreted by the kidneys. Magnesium is 
also very important for biological functions of the human body (Vojtech, et al., 
2011). However, Magnesium alloys corrode too rapidly in physiological 
environments, which produce hydrogen pockets near the implant and retard the 
healing process. Studies on Mg–Zn alloys (Gu et al., 2010; Vojtech, et al., 2011; 
Zhang et al., 2010) highlight that they have high tensile strengths and no adverse 
effects because of the zinc released. Similarly, studies on Mg-Zn-Ca (Gu, et al., 
2010), Mg-Y-Zn (Hänzi, Gerber, Schinhammer, Löffler, & Uggowitzer, 2010; 
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Vojtech, et al., 2011), Mg–Ca (Gu, et al., 2010), Mg-Dy (L. Yang et al., 2011) 
acknowledge their high potential for use in fabrication of internal fixation implants.  
Regarding the excellent ductility, toughness, corrosion resistance, 
biocompatibility, bioactivity, cellular adherence, growth and differentiation with 
abundant extracellular matrix formation, Tantalum (Ta) is known as an excellent 
biomaterial for bone plates (Balla, Bose, Davies, & Bandyopadhyay, 2010). 
However, its application has been limited because of poor mechanical properties, 
high density (J. B. Park, et al., 2000) and processing challenges (Balla, et al., 2010). 
Platinum group metals (PGM) such as Platinum (Pt), Palladium (Pd), Rhodium (Rh), 
Iridium (Ir), Ruthenium (Ru), and Osmium (Os) are extremely corrosion resistant. 
However, they have poor mechanical properties (J. B. Park, et al., 2000) and thus are 
not currently feasible for use in making bone plate. 
Even considering the advantages of the reviewed materials, currently none of 
them are suitable for bone plates. Furthermore, thorough studies are required to solve 
the problems inherent in them, in order to make them feasible for manufacturing 
bone plates. 
2.2.2.2. Polymers and Biocomposites 
Biometals are mostly unresorbable and can cause toxicity by accumulation of 
metal ions due to corrosion. They also can lead to premature failure due to 
heterogeneous stress distribution, which is caused by higher elastic modulus of the 
implant compared with bone (Navarro, et al., 2008). Consequently, numerous studies 
(Dorozhkin, 2009; Evans & Gregson, 1998; Navarro, et al., 2008; Rezwan, et al., 
2006; Staiger, Pietak, Huadmai, & Dias, 2006; Yarlagadda, et al., 2005) have been 
conducted on organic biomaterials and biocomposites. Polymethyl-methacrylate 
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(PMMA), Poly lactic acid (PLA), L-PLA (PLLA), D-PLA (PDLA), Polyglycolic 
acid (PGA), Polycaprolactone (PCL), Polyhydroxybutyrate (PHB), poly ether–ether-
ketone (PEEK), Poly (2-hydroxy-ethyl-methacrylate) (PHEMA), and Polydioxanone 
(PDS) have been widely studied (Navarro, et al., 2008; Rezwan, et al., 2006). While 
these studies show that the orthopaedic implants of biocomposites and biopolymers 
can be used instead of metallic ones, in practice they only have limited application in 
dental implants and also in small flexible internal fixators (S. Ramakrishna, Mayer, 
Wintermantel, & Leong, 2001). Their poor mechanical properties are the main 
obstacle for their application in orthopaedics (Navarro, et al., 2008). 
Studies on development of carbon fibre-reinforced-epoxy-resin for use in bone 
plates were started in the early 1970s (Ali, et al., 1990). Generally, studies on 
biocomposites (Ali, et al., 1990; G. W. Bradley, McKenna, Dunn, Daniels, & 
Statton, 1979; Ferguson, Wyss, & Pichora, 1996; Hasegawa et al., 2006; Navarro, et 
al., 2008; S. Ramakrishna, et al., 2001; Shikinami, Matsusue, & Nakamura, 2005; 
Shikinami & Okuno, 1999; Shikinami, et al., 2001), bioglass fibres (Kharazi, Fathi, 
& Bahmany, 2010), Carbon/PEEK composite material (Fujihara, Huang, 
Ramakrishna, Satknanantham, & Hamada, 2003), non-homogenous stiffness graded 
(SG) (Benli, Aksoy, HavItcIoglu, & Kucuk, 2008; Ganesh, Ramakrishna, & Ghista, 
2005; K. Ramakrishna, Sridhar, Sivashanker, Khong, & Ghista, 2004) and flexible 
Kevlar/BCP (biphasic calcium phosphate) (H. J. Kim, Kim, & Chang, 2011; S. H. 
Kim, Chang, & Jung, 2010; S. H. Kim, Chang, & Son, 2011) demonstrate that the 
mechanical properties of the biocomposites plates are comparable with biometals. 
Additionally, biodegradable polymers should be seriously considered in the design of 
new plates. Finite element studies acknowledge these results (Evans, et al., 1998; 
Ferguson, Visser, & Polikeit, 2006; Ferguson, et al., 1996; Rezwan, et al., 2006). 
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According to findings, stress shielding in bone SG plate is less, compared to 
Stainless Steel plate (K. Ramakrishna, et al., 2004). Since SG plates are more 
flexible, they permit more bending of the fractured bone, and higher compressive 
stress at the fractured interface which induces accelerated healing and higher tensile 
stress in the intact portion of the bone (Ganesh, et al., 2005). Similarly, it is shown 
(H. J. Kim, et al., 2011; S. H. Kim, et al., 2010; S. H. Kim, et al., 2011) that the 
Kevlar/BCP plate generates the most appropriate strain distributions at the fracture 
site during the early healing process. It provides higher healing rates compared to 
conventional steel plates, and improves callus generation at the fracture site. It also 
reduces the contact stress at the contact area. 
Although polymer and composite biomaterials show good results in studies, 
they should be surface compatible and structurally compatible with the host tissue to 
be used in orthopaedic implants. Moreover, due to lack of the experimental and 
clinical supporting data, further studies should be conducted to elucidate the long-
term durability of these biomaterials in human body conditions. Furthermore, 
surgeons must be convinced about the long-term durability and reliability of polymer 
and composite biomaterials (S. Ramakrishna, et al., 2001). 
2.2.2.3. Bioceramics 
Bioceramics are classified as inorganic biomaterials. Bioactive ceramics such 
as Alumina (Chevalier & Gremillard, 2009; Masson, 2009), Zirconia (Albrecht, 
Kirsten, Kappert, & Fischer, 2011; Chevalier, et al., 2009), Yttria-stabilized Zirconia 
(Y-TZP) (Chevalier, et al., 2009),  (HA) and Hydroxy Carbonate Apatite (HCA) 
(Furukawa et al., 2000; Hasegawa, et al., 2006; Shikinami, et al., 2005; Shikinami, et 
al., 1999, 2001; Tulinski, et al., 2011; Younesi, et al., 2010), Tricalcium phosphate 
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(TCP) (Chevalier, et al., 2009; G. Liu et al., 2008), Bioglass® (BG) (Schroers, 
Kumar, Hodges, Chan, & Kyriakides, 2009; G. Wang et al., 2011), and glass-ceramic 
(A-W G-C
1
) (Magallanes-Perdomo et al., 2010; G. Wang, et al., 2011) have been 
studied for orthopaedic applications. Regarding the results, due to their low tensile 
strength and lower fracture toughness compared with the human cortical bone, they 
cannot be used independently as a bone substitute or bone plate for a high load 
bearing joint (Balla, et al., 2010). In the case of highly porous ceramics this can be a 
serious concern. Despite the promotion of bone in-growth and induced prosthesis 
stabilization, they cannot be used in load bearing applications (Navarro, et al., 2008). 
As a solution, bioceramics are usually used in coatings  of other bioinert materials 
such as titanium alloys (G. Wang, et al., 2011). Among the bioceramics calcium 
phosphate biomaterials (mainly HA and TCP) are the most popular because of their 
close properties to the bone (Chevalier, et al., 2009). However, delamination, and 
decomposition in long-term implementation (Balla, et al., 2010), micro and macro 
porosities which affect on biological properties, low crack resistance and toughness 
(Chevalier, et al., 2009)  are the major shortcomings in applying these materials in 
coating. Y-TZP has the most toughness and strength among current bioceramics; 
however it is not stable in long-term implementation (Chevalier, et al., 2009) and 
therefore cannot be used in permanent implants. 
In general, currently bioceramics are not suitable for bone plates unless for 
coating or composition with other biomaterials. Future studies in this area will solve 
their drawbacks, such as delamination and decompositions, in order to make them 
applicable for bone plate. 
                                                                
1
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2.2.2.4. Summary 
Biomaterials play a prominent role in the efficiency of the plates, and therefore 
numerous studies have been conducted in this field. Consequently, mechanical and 
biological properties of biomaterials used in manufacturing bone plates have been 
significantly improved, and new materials have been introduced. Also, many 
investigations have been performed to maximize their biocompatibility, bioactivity, 
biodegradability, and cellular interaction. However, regarding the direct and indirect 
effects of biomaterials on design, implementation technique and healing process, it is 
highly important to conduct further studies on improving the characteristics of 
current biomaterials and introducing new materials. It is also concluded that: 
 Ideal biomaterial for bone plate should have reasonable corrosion 
resistance, wear resistance, strength, biocompatibility, bioactivity, and 
biodegradability. It should also have close mechanical properties, 
especially Young’s modulus, to bone, and should not cause toxicity, 
allergy and sensitivity. 
 Micro and Nano-scale properties of biomaterials and their cellular 
interactions play significant roles in their performance and therefore they 
should be considered in future studies. Also, multi-disciplinary studies, 
including biology, material science, chemistry and mechanics, should be 
conducted in developing biomaterials to improve both characters of 
biofunctionality and biocompatibility. 
 Manufacturing techniques directly affect biofunctionality of the bone 
plates, and so they should be the focus of future studies. 
 In some circumstances it is necessary to use a permanent implant for 
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treatment. Unresorbable, biocompatible and bioactive biomaterials should 
be used in these cases. Otherwise biodegradable biomaterials are preferred. 
 Magnesium and tantalum alloys are potentially applicable because of their 
bioactivity, biocompatibility, and biodegradability. However, their 
mechanical properties and production process remain the major concerns 
in terms of their application. Further studies should be conducted to solve 
these problems. 
 Polymers and biocomposites have many advantages over current 
biomaterials because of biodegradability, better biocompatibility, and 
higher bioactivity. However, they are limited to implementation in small-
size flexible implants. Further studies should be conducted to improve 
their biomechanics to enable them to be used in heavy-duty bone plates. 
 Although bioceramics are bioactive and biocompatible, they cannot be 
used independently in bone plates, due to loading factors. Despite having 
high potential for use as coating of inert biometals, they have some serious 
drawbacks including cracks, porosities and delamination. Further studies 
should be conducted to address these problems. They can then be used as a 
suitable coating for bone plates. 
2.2.3. Fitting the Bone Plate to the Underlying Bone 
A close gap between plate and the underlying bone is important because of its 
notable bilateral influence on bone fracture healing quality before and after plate 
removal. Clinically, an anatomically well-fitted plate can greatly facilitate the 
process of reduction in terms of axial and rotational alignment of the main fragments. 
Furthermore, with a nominal soft-tissue envelope, such a plate minimizes soft-tissue 
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impingement/irritations. Studies by Stoffel et al (Stoffel, Dieter, Stachowiak, 
Gächter, & Kuster, 2003) on the effect of plate length, screw numbers and gap 
between bone and plate on the stability of locking compression plates, has shown 
that increasing the gap between the bone and plate from 1mm to 6mm decreases the 
axial stiffness, torsional rigidity and number of cycles to failure. It also increases the 
Von Misses stresses in screws and the plate. Ahmad et al (Ahmad, et al., 2007) 
experimentally investigated the mechanical stability of LCPs and discovered that the 
magnitude of the static axial compression load to failure decreases significantly by 
increasing the gap from 2mm to 5mm. The same results were attained for torsion to 
failure. Also it was observed that the axial displacement and deflection increases 
remarkably when the gap increases from 2mm to 5mm. They recommended placing 
the plate at or less than 2mm from the bone, because it maintains the periosteal blood 
supply to the bone beneath the plate and allows a mechanically stable environment at 
the fracture region, which allows fracture healing to continue undisturbed. Applying 
0.5mm gap between bone and plate, Fouad (Fouad, 2010) studied the effect of gap 
between bone and plate on Von Misses stress and strain of bone on three 
biomaterials, Stainless Steel, Titanium alloy and Function-Graded material (FGM 
(Neubrand, 2001))
1
. Using asymmetric FE models and simplifying all components of 
the bone fracture fixation, including bone, plate and screw, he identified that a gap 
between bone and plate decreases the stress and strain at fracture site during healing. 
Regardless of the amount of the reduction in each item, the results were similar in all 
materials. Later, he added torsional load to the compressive load and achieved 
                                                                
1 Functionally graded materials (FGMs, or sometimes also “gradient materials”) are 
composite materials in which the material properties change gradually with position. The 
property gradient in the material is caused by a position-dependent chemical composition, 
microstructure or atomic order. 
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similar results (Fouad, 2011). During research on optimization of orthopaedic 
implant design, Kozic et al (Kozic et al., 2010) considered 1mm distance from bone 
as the reference for a good fitting condition of plate. In contrast, Nassiri et al 
(Nassiri, MacDonald, & O'Byrne, 2013) showed that the gap between plate and bone 
does not affect the stability of LCPs. They examined the stability of locking 
compression plates when there was a gap of 1 to 5mm between the plate and bone 
and attained the mentioned result.  
All-in-all, locking compression plates can be implanted by locking and 
compression surgical techniques. The locking technique provides a stable fracture 
fixation without any need for compression of the plate to the underlying bone 
surface. Therefore, from a biomechanical point of view, a perfect fit between plate 
under-surface and the bone is not required. However, basic mechanics of locking 
plates dictate that load transfer is optimal when the plate screw interface is closest to 
the near cortex. As the distance between plate and the underlying bone increases, a 
higher bending moment on the screws is needed and the construct becomes less 
efficient in load transfer (Schmutz, et al., 2008). A large gap between plate and bone 
immensely increases the stresses in the fracture region, and therefore inhibits the 
healing process. On the other hand, lack of a gap between plate and bone not only 
increases the stress at the fracture site (Fouad, 2010), but also leads to bone re-
fracture because of osteoporosis, which occurs due to insufficient blood supply 
during the fracture healing. So, it is essential to reach an optimal fit between plate 
and the underlying bone. Studies have shown that only 13% of distal medial tibial 
plates initially achieve anatomical fit to the underlying plate and it increases to 82% 
if two plates are examined (Schmutz, et al., 2008; Schmutz, et al., 2011). In order to 
achieve 100% fitting, three main approaches can be applied as follows: 
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 Filling the gap with biodegradable biomaterials (Fan, Xiu, Duan, & Zhang, 
2008) 
 Providing multiple configurations of bone plates covering all bone shapes 
 Deforming the bone plate to optimum distance of the bone during surgery 
(Fan, et al., 2008) 
Studies on the first approach remark that inserting a biodegradable cushion, 
such as Poly-L-Lactic (PLLA), can improve the fracture healing process by better 
blood supply and stress shielding (Fan, et al., 2008). This approach is being studied 
today, in 2013, and has not been yet performed in practice. The second approach is 
not feasible. Regarding the factors such as gender, age, race and anthropometric 
differences, bones sizes and shapes vary largely. Since bone plates are region 
specific and there are numerous anatomical regions in the body for which 
precontoured plates should be available, providing multiple shapes of the same plate 
results in an immense increase in the already large plate inventory, i.e. it would lead 
to significant logistical problems for manufacturers, hospitals and patients (Kozic, et 
al., 2010). Altogether, deforming the bone plate during surgery is the best approach 
now. When a bone plate does not fit to the underlying bone, it is deformed regarding 
the fitting criteria. Deformation includes bending and twisting of the plate on advised 
points with predefined magnitudes. This type of deformation is not destructive to 
plate quality, and does not change the composition of the plate biomaterial. Fit 
assessment determines the amount of deformation in any fitting criterion. For 
example, through studies on fit assessment (Schmutz, et al., 2008) and optimization 
(Schmutz, et al., 2011) of distal medial tibia plates, Schmutz et al applied maximum 
amounts of 4mm, 10°, 6mm and 2mm for proximal end, proximal angle, middle 
distance and distal end of the plate respectively (Figure 2-4). It was assumed that a 
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plate fits to the underlying bone when it satisfies all four fitting criteria. 
 
Figure 2-4 Alignment of the plate under-surface (Schmutz, et al., 2011) 
In the same fashion, H.K. Song et al (Song, Noh, Lee, & Yang, 2013) studied 
the rotational mismatch of locking distal tibial plates regarding the plate position and 
concluded that there are less than 0.3°, 16.9° and 29.4° rotational mismatch angles at 
interior, middle and posterior positions respectively. The average prominence for the 
interior, middle and posterior is 3.5mm, 6.9mm and 9.4mm in order. 
The fitting criteria of few bones only have been defined to date, and should be 
expanded to all other bone types. 
In summary, this section states that all studies acknowledge the existence of a 
small gap between plate and the underlying bone. Since all plates do not initially fit 
to the underlying bones, they should be deformed during surgery. Multiform gaps 
between plate and bone, advised by Schmutz et al (Schmutz, et al., 2008; Schmutz, et 
al., 2011) and Song (Song, et al., 2013), can be tolerated due to clinical requirements. 
The mentioned studies have discussed the fitting criteria for distal tibial plates, and 
further studies should be conducted to find out the amount of the gap in other cases. 
2.3. Finite Element Method and its Application in Analysis of Bone Plates 
Finite element method (FEM) is a numerical technique which gives an 
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approximate solution to problems arising in physics and engineering (Pepper & 
Heinrich, 1992). This astonishingly successful method was firstly described in its 
present form by Argyris at 1954 and Turner et al in 1956 and was baptized by 
Clough in 1960 (Felippa, 1999; Pepper, et al., 1992). Zienkiewicz and Cheung 
published the first book in 1967 (Felippa, 1999). Employing FEM in an analysis of 
structures and processes has been noticeably developed in the past decades and has 
been widely used in both scientific and industrial projects. Thousands of studies have 
been performed and the results have been published to date.  
This method was introduced to orthopaedic biomechanics in 1972 to evaluate 
the stress in human bones.  A “new method to analyse the mechanical behaviour of 
skeletal parts” by Brekelmans et al in 1972 is known as the first publication in 
orthopaedic biomechanics (Huiskes & Chao, 1983). Simon et al (Simon et al., 1977) 
conducted a combined experimental and finite element model study  for an internal 
fixation plate configuration. Their results indicated that three-dimensional (3D) 
models should be utilized for analysis of screw stresses or contact stresses instead of 
1D and 2D models. They also found that the screws are most likely to fail between 
the bone and plate and likewise suggested that, due to reduction of bone stress levels 
on the plated side of the bone, it could become weakened during initial fracture 
healing. Similarly, Cheal et al (Cheal, Hayes, White, & Perren, 1985; Cheal, Hayes, 
White III, & Perren, 1984, 1985) performed a series of 3D linear FE analysis of a 
simplified compression plate and numerically studied the biomechanics of the 
internal fixation of fractured long bones. They found the tendency for screw failures 
nearest the fracture site due to the complex nature of the multi-axial induced strains 
of the plate during healing. They predicted that stress-induced osteopenia should be 
limited to the central region between the inner screws. Beaupre et al  (Prendergast, 
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1997) predicted that friction and screw tightness largely determine the bio-
mechanical environment in the bone tissue in bone plate fixation. In former studies 
on the effect of screws in internal fixation bone plates, Stoffel et al (Stoffel, et al., 
2003) made recommendations on the numbers and screw placings in LCPs in 2003. 
Walke et al (Walke, Marciniak, Paszenda, & Kaczmarek, 2008) continued these 
studies with a double threaded screw system and found that an appropriate selection 
of mechanical properties and geometrical features of the implant is a main factor in 
determining the stability of the fixation. 
Woo et al (Woo, et al., 1983) used FEM in conjunction with laboratory bench 
experiments to define the appropriate stiffness parameters in internal fixation plate 
design. Examining three types of stiffness, they concluded that an improved plate 
design should have a low axial stiffness but moderate bending and torsional stiffness 
to facilitate fracture healing and bone remodelling without causing osteopenia. Hou 
et al (Hou, Hsu, Wang, Chao, & Lin, 2004) developed a 3D FE model to investigate 
the bone holding power of tibial locking screws. Using the Taguchi method of 
analysis they showed that the descending order of contribution of the design factors 
is outer diameter, pitch, half angle and inner diameter. Root radius and thread width 
have minimum effects. Chao et al (Chao, Hsu, Wang, & Lin, 2007) studied the other 
parameters of increasing bending strength of tibial locking screws and demonstrated 
that screws’ yielding strength is closely related to their total strain energy. They also 
indicated that the logarithm of the fatigue life is closely related to the maximal 
tensile stress, and fatigue strength of the screw is affected mainly by inner diameter 
and root radius. Yielding strength was determined mainly by the inner diameter. In 
addition, titanium screws had shown a longer fatigue life than stainless steel screws, 
especially in the screws with larger root radii in this study. 
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With a focus on the knee, Shirazi-adl et al (Dammak, Shirazi-Adl, & Zukor, 
1997; Hashemi & Shirazi-Adl, 2000; Shirazi-Adl, Patenaude, Dammak, & Zukor, 
2001) conducted a series of experimental and FE studies on tibial implants. They 
evaluated the effect of friction in knee arthroplasty and compared various fixation 
designs including screw, solid post and hollow post in combined loads. The results of 
studies proved that the screw system has the highest stiffness among all these 
systems and that polyurethane materials have the best performance against friction in 
knee joints.  
Generating a 3D FE model of tissue differentiation and bone regeneration in a 
fractured tibia, Lacroix et al (Lacroix & Prendergast, 2002) confirmed that, due to 
the close agreement of results of the FE analysis with former experiments on the 
manner of stiffness changes, computer simulation, generated from non-invasively 
obtained images, can be a useful tool for assessment of the fracture healing of long 
bones in orthopaedic treatments. According to the models, fracture healing cannot be 
successful under high loads on bone. Similarly, Blecha et al (Blecha, et al., 2005) 
recommended that in order to avoid formation of fibrous tissue at the bone wedge 
interface, the osteotomy should be loaded under 50kg (almost 18.8% of the normal 
pace load) until the osteotomy interface union is achieved. Developing a model of 
the medial open wedge tibial osteotomy for two plate positions and taking into 
account the soft tissues preload, muscular tonus and maximal pace load, they also 
observed that the maximal stress in four structural elements of bone, plate, wedge 
and screws were substantially higher in the medial position in comparison with the 
anteromedial position.  
Cegonino et al (Cegonino et al., 2004) evaluated the mechanical stability and 
long-term micro-structural changes in three types of distal femur fractures fixed by 
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three types of implants. They discovered that although distal femoral fractures can be 
treated correctly with all examined implants, including Condyle
1
 Plate, LISS plate 
and the distal femur nail (DFN), stress in both LISS and DFN was notable especially 
around the screws. They also observed that the LISS generates an important 
resorption in the fractured region while the other two implants did not strongly 
change bone tissue microstructure.  
Cheng et al (Cheng, Lin, Lin, & Chen, 2007) used nonlinear FEM to 
investigate the biomechanical interactions of double-plating, modified double-plating 
and traditional single plating fixations coupled with various load conditions. They 
indicated that the modified double plating technique has the best results, showing a 
better structural bending strength with the least potential of fracture fragments, 
highest rigidity, the least displacement and the lowest screw loosening. By an FEM 
study on comminuted fractures in internal fixation of femoral bone, Rankovic et al 
(Rankovic, Ristic, & Kojic, 2007) examined the other aspects of biomechanics of the 
plates and demonstrated that in comminuted fractures, the risk of fatigue failure in 
the nail is significantly lower than the plate, because the extreme values of effective 
stress of nails are below the critical values while it is critical for some regions of 
plate. 
Oh et al (Oh, et al., 2010) used FEM analyse the effects of fracture gap size  
and bone defect  on biomechanical stability of the compression plate and showed that 
even a thin fracture gap with no contact between the fracture after plating decreases 
stiffness exponentially. They also concluded that contact of bone plate to fracture 
surfaces of highly defected bones is necessary to avoid excessive stress concentration 
in the plate. 
                                                                
1
 A type of pre-shaped Locking Compression Plates 
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As mentioned in a review of biomaterials used in the plates, substitution of 
currently used biometals with new biomaterials has been investigated by many 
researchers. Most of these studies have used FEM as a reliable examination tool. 
Others have experimentally and numerically investigated the hybrid implementation 
of non-metallic biomaterials and currently used metallic biomaterials. For example, 
Fan et al (Fan, et al., 2008) developed a series of FE analysis and in vitro 
investigation to evaluate the effect of placing a ply-L-Lactic (PLLA) cushion 
between the plate and bone for stress shielding during the healing process, and 
demonstrated that using a PLLA cushion in addition to the internal fixators 
prominently improved the stress shielding of bone tissue, especially at 50% of the 
healing period. 
In summary, a review of the former studies about application of the finite 
element method in bone plate studies acknowledges its brilliant role and exceptional 
reliability. In the meantime, it clarifies the lack of numerical investigations about 
bone plate deformation during surgery. It is necessary to identify the effects of 
mechanical parameters, such as ultimate strength, stress distribution and springback 
effect in such deformations, and study how during surgery deformation affects the 
endurance of bone plate in fracture healing. The finite element method facilitates 
accurate definition of loading conditions, including load values, loading and gripping 
positioning, through deformation and minimizes the actual fitting trials during 
surgery. 
2.4. Deformation Apparatuses of the Bone Plates 
The following three steps are crucial in accurate deformation of bone plates 
during surgery: 
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 Fit assessment 
 Loading analysis 
 Applying the results of the second step on the plate 
Quality of deformation directly relates to the quality of an apparatus used for 
gripping the plate and applying the loads. This section is going to review the current 
tools used, the techniques developed and the scientific studies that have been 
conducted in this field. 
2.4.1. Traditional Tools and Apparatus 
Currently, pliers (Figure 2-5), irons and bending presses (Figure 2-6) are used 
for performing the deformations of orthopaedic bone plates during surgeries (Rüedi, 
Buckley, & Moran, 2000). 
 
Figure 2-5 Roller type plate pliers (left) and Reconstruction plate pliers (Right) 
(Veterinary Instrumentation Limited, 2013) 
 
Figure 2-6 Bending press used for deformation of fracture fixation plates during 
orthopaedic surgeries (Veterinary Instrumentation Limited, 2013) 
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Pliers, which have been registered as a patent in 1997 (Runciman & 
Desjardins, 1997), are a modified type of the patent of “Toggle locking wrench” 
registered in 1955 by Petersen (Petersen, 1955). The idea of this toggle locking 
wrench stemmed from his former patents in 1924 (Petersen, 1924), 1940 (Petersen, 
1940) and 1942 (Petersen, 1942) (Figure 2-7). Several of these wrench types called 
Vise-Grip (Irwin Co., 2011b), with different jaw shapes (Figure 2-8), are used in 
industry for clamping, fastening and deforming. 
 
Figure 2-7 (A) Sketch of “Bone Plate Shaping Device” patent (Runciman, et al., 
1997); (B) Sketch of firstly invented Vise grip at 1924 (Petersen, 1924); (C) & (D) 
Sketches of Petersen’s vise pliers in 1940 (Petersen, 1940) & 1955 (Petersen, 1955); 
(E) firstly Vise grip at 1924 (Irwin Co., 2011a) 
 
Figure 2-8 Vise grip with different jaw types (Irwin Co., 2011a) 
Pliers are provided in several shapes (Figure 2-6 and Figure 2-8) and used to 
bend and twist most flexible and strong bone plates in orthopaedic surgeries. This is 
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usually difficult and tiring, and may lead to inaccurate results.  
A bending press of orthopaedic bone plates (Figure 2-9) is a manual universal 
apparatus normally used in light-duty pressing and punch-work such as making 
badges. There are slight differences in the direction of force applications and overall 
shape of these press tools, but they are basically the same. A bending press cannot 
twist bone plates and can bend plates in a limited range only. 
 
Figure 2-9 Bone plate bending press used in orthopaedic surgeries 
The main application of bending iron is to deform thin orthopaedic bone plates 
(Figure 2-10); though in some cases they are used for deformation of thick plates as 
well. Structurally, it is a fixed-jaw, F-shaped wrench widely used for dislocation and 
non-precise bending affairs (Figure 2-11).  
 
Figure 2-10 Bending a fracture fixation plate by orthopaedic irons (Veterinary 
Instrumentation Limited, 2013) 
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Figure 2-11 (A) Industrial iron with different jaws and sizes; (B) Former type of 
Orthopaedic iron; (C) Current orthopaedic iron 
To date, neither the bone plate bending iron nor the F-shaped wrench have 
been registered as a patent independently, and only one advanced type of the F-
shaped wrench, with a movable jaw, has been registered (Shaw, 1891). 
2.4.2. Techniques Developed for Deforming Orthopaedic Plates 
Unlike the named tools of deforming bone plates, there are some apparatuses 
registered as a patent, but not used widely in medical industry. Some of them are not 
feasible at all. Watrous (Watrous, 1996) registered the patent for “orthopaedic bone 
plate bending irons” in 1996. He aimed to apply bending moments over a short 
length of the bone plate to make precise bends. His invention included two plates 
with several holes on each. The holes had fixed predefined shapes, sizes and 
directions. Like former designs of plate benders, two separate bending irons were 
used to perform the deformation (Figure 2-12 and Figure 2-13). The fixed-shape 
holes mean this apparatus cannot cover all bone plate shapes and sizes, and by 
having several similar holes on each part and manually performing the process it 
demands skill and training. It is also time-consuming. 
Surgical operations usually impose a high level of stress on surgeons 
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(Czyżewska, Kiczka, Czarnecki, & Pokinko, 1983; Green, Duthie, Young, & Peterst, 
1990) which means that design and functionality of medical equipment should make 
it easy to use. Therefore, the apparatus “orthopaedic bone plate bending iron” is not 
suitable for deformation of bone plates during surgery. 
 
Figure 2-12 Orthopaedic bone plate bending iron (Watrous, 1996) 
 
Figure 2-13 Delta TPLO Plate Benders with Curved Slots Delta TPLO Plate Benders 
with Curved Slots (Veterinary Instrumentation Limited, 2013) 
To easily and precisely bend the orthopaedic bone plates, Huebner et al 
(Huebner, Horst, & Jensen, 2000) registered a “Bone plate vise” patent (Figure 2-14) 
in 2000. This invention included an elongated handle holding a clamp mechanism 
used to grip the bone plate during deformation. A bending iron or a second bone 
Literature Review 
 
38 
 
plate vise was supposed to be used in collaboration with the first plate vise to twist or 
bend the plate. The clamp assembly included a fixed jaw and a U-shaped movable 
jaw fixture with a channel. 
 
Figure 2-14 Bone plate vise (Huebner, et al., 2000) 
It was claimed that the movable jaw included an accurate plate-contacting 
surface to match the curvature of the bone plate. Even if this design is technically 
feasible, since the process is done manually, it includes numerous disadvantages in 
terms of accuracy, speed, skills of performing and physical capability of the operator 
which means this design has not been widely used in practice. 
Barrick (Barrick, 2003) registered a patent named the “Orthopaedic implant 
shaper” consisting of a flexible fibre optic curvature sensor device, a computer and 
an implant-shaping machine (Figure 2-15). The fibre optic sensor determined the 
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required three-dimensional shape of the orthopaedic implant. The sensor was applied 
to the fractured bone in surgery once it was reduced. A library of implants available 
in the computer enabled the operator to input data on the required implant, such as its 
type, length and number of holes. The machine would then adapt the implant data 
with the output from the sensor. The information was transmitted to the implant-
shaping machine with settings applied for actual contouring and performing the 
deformation. The implant shaping machine consisted of a series of opposing 
hydraulic cylinders with dies arranged in a row on rocking platforms. Each unit 
included a pair of opposing hydraulic cylinders that worked inversely to move dies in 
relation to the metal fixation implant. 
 
Figure 2-15 Orthopaedic implant shaper (Barrick, 2003) 
Although the idea for this machine was good, it was not feasible because small 
size bone plates, large forces and moments are required to perform the deformation. 
Another important issue is the size of any deforming unit (including four cylinders, 
stabilization accessories of all components, sensors, hoses). Regarding the size range 
(less than 500mm) and material properties (Malekani, Schmutz, Gu, Schuetz, & 
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Yarlagadda, 2012) of bone plates, arranging several deforming units in a small area 
is not possible, meaning this invention has never been used in practice. 
Knopfle and Thorsten (Knöpfle & Thorsten, 2009) invented a multi-functional 
bending pliers for perforated bone plates. These pliers included two jaws, movable 
relatives to each other. One of the jaws holds the plate and the other applies pressure 
(Figure 2-16). This invention has a limited application in flexible perforated plates, 
which need to be bent in only one specific direction.  
 
Figure 2-16 Bending pliers proposed for deformation of perforated bone fracture 
fixation plates (Knöpfle, et al., 2009) 
Orbay et al (Orbay, Castaneda, & Kortenbach, 2010; Orbay, Castaneda, 
Kortenbach, & Sixto, 2010) registered two patents and introduced a new method of 
bone plate bending (Figure 2-17), which involved fastening a threaded drill guide tip 
to the plate and deforming the plate using these tips by means of two special benders. 
However, the threaded tip and attached bender could not perform all kinds of 
deformations. So, two different methods were proposed to fill this gap. Any method 
has its specific tools; these methods and the corresponding apparatus though can only 
be used for flexible perforated threaded bone plates, a process that was performed 
manually. 
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Figure 2-17 Bone plate shaping system (Orbay, Castaneda, & Kortenbach, 2010; 
Orbay, Castaneda, Kortenbach, et al., 2010) 
Improving their previous studies, Orbay et al (Orbay, Norman, & Quevedo, 
2009) introduced a new design of bone plate, clamping apparatus and method for 
constructing a bone (Figure 2-18). The plate in this design includes several locking 
holes (central holes) and two small holes around the locking hole for gripping and 
deformation. Two manual pliers are used to deform the shape of the plate during 
surgery.  
 
Figure 2-18 Formable bone plate & its deformation apparatus (Orbay, et al., 2009) 
This type of plate has not been used widely in practice, and if so, can only be 
implanted in light duty bones with the apparatus being used specifically for that 
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plate. Since the pliers of this patent are only applicable for the specific plates 
mentioned in the patent, they cannot be used commonly. Even if they are applicable 
for other plates, they have the most disadvantages of the traditionally deforming 
apparatuses because of being manual. 
Raines et al (Raines, Beckendorf, & Thornhill, 2009) have recently introduced 
another design of benders for deforming the locking bone plates (Figure 2-19). This 
bender includes a threaded tip to engage with the threaded hole of the plate and a 
shoulder to transmit the mechanical force. 
 
Figure 2-19 Locking plate bender and the related pliers (Raines, et al., 2009) 
This apparatus not only has the disadvantages of all manual benders, but is 
applicable only for flexible perforated threaded plates. An isometric view of the 
pliers has been given in patent documents and has been claimed to be used to contour 
the locking plates. However, neither the bender, nor the pliers have been used in 
practice. 
Overall, the tools and apparatus currently used for deformation of orthopaedic 
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bone plates have the advantages of low cost, simplicity in structure, being easy to 
work and with no need for specific power generation resource. However, the distinct 
disadvantages are the low precision, low speed, low repeatability, poor performance, 
time consumed, and physical demand on the surgeon. Surgery results depend on the 
surgeon’s skill and state-of-mind during the deformation process. According to Hall 
(Hall, Ellis, & Hamdorf, 2003), a surgical operation is a combination of an 
intellectual exercise of decision making and performing mechanical tasks. So, if the 
amount of mechanical task decreases or is simplified, then the surgeon’s mental load 
decreases, enabling the quality of decision making to increase. Medical devices 
should therefore be designed to minimise stress for the surgeon, and minimise the 
dependency of the result to the human being factor. 
2.4.3. Scientific Studies on Apparatus of Deforming Orthopaedic Plates 
Few scientific studies have been conducted in the field of designing an 
advanced apparatus for deforming orthopaedic bone plate during surgery. The 
current study is the first recorded academic research to examine the deformation 
apparatus of orthopaedic bone plates. 
2.4.4. Summary 
Despite all improvements and evolutions in various aspects of orthopaedic 
bone plates, during-surgery deformation equipment has not been improved 
simultaneously. This means that today, deforming plates during surgery is done 
manually by primitive tools, including pliers, irons and bending press. Despite being 
low in cost, simple in structure, easy to work and having no need for specific power 
generation resource, they have many shortcomings i.e. low precision, low speed, low 
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repeatability, poor performance, time-consuming, exhausting to use, and with result 
dependent on the surgeon’s skills and state-of-mind while performing the 
deformation. Though some patents have been registered in recent years, none are 
satisfactory. Most of them are manual and therefore include the disadvantages of the 
traditional apparatuses. So, it is essential to introduce a new generation of apparatus 
for deformation of bone plates during surgery. 
2.5. Conclusion 
The first generation of orthopaedic bone plates was implanted over a century 
ago. Since then, this has changed from a solid fixator into a bioactive healing 
facilitator, and has become the most common implant of bone fracture fixation. To 
date, thousands of studies have been conducted and numerous advances have been 
made. Review of the literature about biomaterial, structure, gap between plate and 
bone, and deformation tools demonstrated that: 
 Ideal biomaterial for bone plate should have reasonable corrosion 
resistance, wear resistance, strength, biocompatibility, bioactivity, and 
biodegradability. It also should have close mechanical properties, 
especially Young’s modulus, to bone, and should not cause toxicity, 
allergy and sensitivity. Such a material has not been introduced so far, and 
Stainless Steel 316L, Ti-6Al-4V and Co-Cr-Mo alloys have the most 
application. 
 Biodegradable biomaterials, including biometals, bioceramics, 
biopolymers and biocomposites, potentially are a good substitution for 
current biomaterials. However, their deficiencies, mainly in mechanical 
properties, should be resolved to have a wide application. 
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 There should be an optimum gap between plate and the underlying bone to 
attain the best efficiency during fracture healing. Bone plates are 
precontoured according to anatomical regions when they are made. 
However, due to the vast variety of bone morphology, plates cannot 
initially fit to all bone configurations, and regarding the potential logistical 
problems to manufacturers, hospitals and patients, they cannot be made in 
numerous configurations for any anatomical region, i.e. cannot be made 
patient specific. Therefore, they should be deformed during surgery. So 
far, the fitting criteria of only a few bones have been defined, and there is 
no advanced, efficient and comprehensive fit assessment technique 
available. Currently the gap between plate and the bone, before and after 
deformation, is defined visually or by flexible plate templates, which is not 
an accurate process, needs skilled staff and takes time. 
 Numerical techniques, especially the finite element method, are used 
widely in simulation of complicated physical phenomena including bone 
plate deformation. Offering a close approximation of conditions and effect 
they can increase the accuracy, reduce the time, and lower the costs. In the 
past decades, numerous studies have been conducted to study the bone 
plates in terms of biomaterial, structure, loading conditions, screw and so 
on. However, to date there is no literature published about deformation of 
bone plate during surgery. 
 Currently, pliers, irons and bending presses are used for deformation of 
orthopaedic bone plates during surgery; these are simple manual 
deforming tools with lots of shortcomings. They cannot perform the 
process accurately, are slow, demand physical power, and the results 
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depend on human factors. Some techniques and apparatuses have been 
patented to improve the quality of deformations. However, almost all are 
manual and include all drawbacks of the currents tools. Besides, some of 
them are not technically feasible at all. 
2.6. Research Gap 
The following research gaps have stemmed from the literature review: 
 All studies acknowledge the necessity of appropriate fitting of the plate to 
the underlying bone. However, in many cases, the plates do not fit closely 
to the bone because of the vast variety of the shapes of similar bones 
caused by difference in gender, age, race and anthropometry. For example, 
in the case of distal tibial plate, a single optimized plate shape can fit to 
67% of bones in a dataset, and the fitting can be increased to over 80% 
with two different plate shapes (Schmutz, et al., 2011). A fitting of 100% 
is achievable if the number of plates is increased. However, manufacturing 
and stocking multiple shapes of the same plate adds significant costs to the 
treatment of fractures and associates numerous problems for 
manufacturers, hospitals and the patients. Therefore, neither manufacturers 
nor hospitals are interested in this approach, and the plates are necessarily 
deformed during surgery if they do not fit. However, there is no 
established technique or algorithm for such a fit assessment and definition 
of the deformation parameters. 
Since its introduction in the 1950s, the advantages and validity of the finite 
element method have been proven frequently. This method can be 
confidently used in simulation of bone plate deformations and extraction 
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of the deformation parameters, such as load positioning and values, gripper 
positioning, deflection values, safety of deformation, springback effect, 
and stress concentration. 
 Currently, fitting of fracture fixation plates is assessed visually by 
comparison of the plate shape with a flexible template of bone. Since it is 
based on visual approximation of the gap between the plate and the 
template, it is not accurate enough. No quantitative assessment criteria are 
applied in the current approach. Since the process is done manually and 
includes several steps, it is highly time consuming. Hence, it is necessary 
to substitute this inefficient method by an advanced automated virtual 
method of fit assessment. The new method implements the quantitative fit 
assessment techniques and provides precise results in a short time. If this 
new method is integrated with the finite element method, it can be 
employed for assessment of both the initial and the deformed plates. Also, 
the finite element analysis clarifies the safety of the prospective 
deformation. 
 Current apparatuses for deformations of fracture fixation plates include 
some distinct disadvantages, such as low precision, long time 
consumption, and being exhausting. Besides this, they cannot be integrated 
with any advanced fit assessment technique. It is necessary to develop a 
sophisticated machine that deforms the plates automatically and can 
implement the advanced fit assessment techniques. Such a machine can 
apply the fit assessment results into the plate deformation process 
accurately. It reduces the trial and errors, accelerates the procedure and 
increases the quality of the procedure. 
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The current research has aimed to find answer to the existing gap by developing a 
novel system for deformation of pre-contoured fracture fixation plates in orthopaedic 
surgery. This system includes the assessment of the deformations needed for the 
optimal fitting of orthopedic plates to the underlying bone as well as an automated 
machine for performing the deformations of the plates during surgery based on the 
results of the mentioned assessments. 
2.7. Significance of the Research 
About 180,000 people were hospitalized because of bone fractures in Australia 
in   2007-8 (Australian Institute of Health and Welfare, 2010) and this incurred a 
substantial socio-economic burden in terms of direct and indirect costs. Regarding 
the studies in 2010, one osteoporotic fracture occurs every three seconds around the 
world. The costs associated with osteoporotic fractures are predicted to rise 
significantly in the next 40 years. For example, in Europe, the total direct costs of 
osteoporotic fractures are over 36 billion EUR annually and are expected to increase 
to 54 billion in 2025. In the US there were over two million fractures in 2005 at a 
total cost of 17 billion USD. By 2025, the annual number of fractures is projected to 
increase by 50%, costing over 25 billion USD. In China, 1.5 billion USD was spent 
on treating hip fractures in 2006, with this figure expected to rise up to 12.5 billion 
USD in 2020, and up to 265 billion USD in 2050 (Figure 2-20) (G. & Bouxsein, 
2010). While the clinical manifestations of osteoporosis affected nearly two million 
Australians by 2002, the incidence of its fractures is predicted to increase from one in 
every 8.1 minutes in 2001 to one in every 3.7 minutes in 2021. Total costs relating to 
osteoporosis are currently estimated 7.4 billion AUD per annum (Sambrook, 
Seeman, Phillips, & Ebeling, 2002). 
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Figure 2-20 Projected costs of osteoporotic fractures (G., et al., 2010) 
Osteoporosis fracture is one of the several reasons of bone fracture and not the 
most common one. Direct trauma, such as car accidents and falling from heights, 
plays a greater part in bone fractures (Lovell, 1997; Newton, 1985; Wraighte & 
Scammell, 2006). All-in-all, overall cost of bone fracture healing is several times 
more than what has been mentioned. Any kind of study for increasing the direct and 
indirect costs is highly important. 
Orthopaedic bone plates have the most traumatic application in bone fracture 
healing. But there are some significant gaps in their application. Current research is 
conducted regarding the research gaps in bone plate deformation during surgery and 
aims to develop a new iterative method of fit assessment, define the deformation 
parameters and develop an innovative automatic machine, which facilitates the 
deformation of the bone fracture fixation plates. Regarding the collaboration with 
another research student in developing the new iterative method of assessing the 
fitting status of the plate and bone, this research mainly concentrates on finite 
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element analysis and linkage of the results of fit assessment with finite element 
analysis. In the innovative automatic machine development, mechanical design of the 
machine is accomplished in the current research. 
This research is highly important because it is the first time that: 
 An advanced fit assessment technique integrated with plate deformation is 
introduced. 
 Deformations of bone plates during surgery are studied thoroughly. 
 Fitting conditions of deformed plate and bone are studied and optimum 
deformation parameters are provided 
 Springback effect on deformations of orthopaedic bone plates during 
surgery is studied 
 A scientific study is conducted for development of an advanced machine 
for orthopaedic bone plates 
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Chapter 3:  Development of an Innovative Automatic Machine for 
Deforming Bone Fracture Fixation Plates 
3.1. Introduction 
The current research is a part of an Australian Research Council Linkage project 
(ARC-LP) named “An innovative system for accurate bending of fracture fixation plates 
in orthopaedic surgery”. The project, which is conducted through two PhD theses, aims to 
develop an advanced system for: 
 Automation of the fit assessment of fracture fixation plates before and after 
deformations during orthopaedic surgeries 
 Analysis of the required deformations by finite element method 
 Performing the deformation by an automatic apparatus. 
Figure 3-1 illustrates the flowchart of the project, the relation between two PhD 
theses and also two phases of the current thesis. Briefly, first the fit assessment of plate 
and bone is performed on their 3D geometric models. If the model of the plate fits to the 
model of the bone, the plate is implanted on the bone. If it does not fit, the deformation of 
the plate during surgery is simulated by FEM, and the fitting of the plate on the bone is 
re-assessed afterward. If the deformed plate does not fit the bone, then the simulation 
parameters, such as loading positions and magnitudes, are modified and the deformation 
simulation is run again. This process is iterated till the model of the plate fits the model of 
the underlying bone. Finally, the parameters of the necessary deformations are extracted 
and transformed to the deformation machine. The machine deforms the plate accordingly. 
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Figure 3-1 Flowchart of the project of “developing an innovative system for pre-surgical 
deformations of fracture fixation plates” and the relation between the two theses 
 Regarding the given flowchart, the current thesis has aimed to develop: 
 An innovative automatic machine which facilitates the deformation of bone 
fracture fixation plates  
 A new iterative method for the fit assessment and the definition of deformation 
parameters such as deformation points, magnitude and directions of the 
deformations 
Therefore, it is accomplished in two complementary phases of the “Design of a new 
machine for deformation of fracture fixation plates” and “Finite Element Analysis of the 
pre-surgical deformations of bone plates”. Since the specifications of the developed 
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machine affect the FEA of the deformations, this phase is done first
1
. 
The first phase is conducted with regard to the following flowchart (Figure ‎3-2): 
 
Figure ‎3-2 Flowchart of the first phase of the thesis 
In the coming sections, first the development process of the machine is outlined and 
the reasons of choosing each step are explained. Next, all steps are discussed in detail. 
3.2. Development Process of the Innovative Machine 
Generally, product development process (PDP) explains the procedures and 
methods that companies implement to design a new product and bring it to market. PDP 
                                                                
1
 The FEA will simulate the practice. So, the types and sizes of the grippers of the machine 
should be clarified first. Also the limitations of the machine, affecting in the deformation process, 
must be defined before performing the FEA. 
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models vary in different products and companies (Unger & Eppinger, 2010). However, 
all include the “Planning”, “Concept design”, “System–Level design”, “Detailed design”, 
“Integration and test” and “Release” key-components. Figure 3-3 shows three different 
models of PDPs.  
 
Figure 3-3 Three models of Product Development Process (PDP); A: Staged PDP; B & 
C: Spiral PDP  (Unger, et al., 2010) 
Choosing or designing a PDP is difficult and complicated because each situation 
has a different context and needs different managerial actions (G. Q. Sun, Zhang, Chen, 
& Zhang, 2010). QFD (Quality Function Development) (Yamashina, Ito, & Kawada, 
2002) and PRP (Product realization Process) (Eggert, 2005), processes, transforming 
customer needs into product, are highly-used methodologies in PDP development. QFD 
includes four basic steps of “Design requirements”, “Part characteristics”, “Production 
engineering” and “Production plan” (C. S. Wang & Chang, 2010), but PRP concentrates 
mostly on post-design  steps (Eder, 1998) and includes “Engineering and industrial 
design”, ‘Manufacturing’, ‘Sale’, ‘Marketing’, ‘Distribution’, ‘Service’ and ‘Disposal’ 
(Eggert, 2005). 
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Preparing a PDP is more challenging in innovative product development. Rogers 
(Rogers, 1998) defines the innovation as “any new or substantially improved good or 
service has been commercialized”. It also includes “any new or substantially improved 
process used for the commercial production of goods and services. ‘New’ means “new to 
that specific business”. Baregheh (Baregheh, Rowley, & Sambrook, 2009) believes that 
innovation has a more comprehensive definition and explains it as a “multi-stage process 
whereby organizations transform ideas into new/improved products, services or 
processes, in order to advance, compete and differentiate themselves successfully in their 
marketplace”. Regardless of differences, both definitions involve an introduction of a 
new or highly improved product (or process), so that creativity becomes very important. 
Though creativity is crucial for innovative design, the best results can be achieved in a 
short time if it is organized by PDP techniques. To date, several techniques, such as 
Synectic thinking, Mind mapping, Brainstorming, Fermi’s approach, TRIZ1 and SIT2 
(Goel & Singh, 1998) have been developed to assist engineers in finding innovative 
solutions for problems of product development. Since its introduction in 1946, TRIZ  has 
become the most popular systematic innovation tool (Altshuller, 1996; D. D. Sheu & H. 
K. Lee, 2011), and has been widely employed in the US and Europe since the late 80s. 
Since 2000, Japan and South Korea have led the Asia Pacific in TRIZ implementation, 
and now it is increasingly employed in China (Lau, 2004). TRIZ involves the five key-
concepts of ‘Ideality’, ‘Resources’, ‘Functionality’, ‘Contradiction’ and 
‘Space/Time/Interface’ to find solutions (D. D. Sheu, et al., 2011). 
Most of the models provided for innovative product development (J. B. Park, Shin, 
Insun, & Hyemi, 2008; D.D. Sheu & H.K. Lee, 2011; G. Q. Sun, et al., 2010; C. S. 
                                                                
1
 Theory of Innovative Problem Solving 
2
 Systematic Inventive Thinking 
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Wang, et al., 2010; H. Wang, Chen, & Lin, 2005; Yamashina, et al., 2002) are based on 
TRIZ integrated with other methods like QFD. Adapted from these models, the 
Development Process of the current research includes the steps of “Problem definition”, 
“Machine Design”, “Prototyping” and “Validation”. Figure 3-4 illustrates the 
development process of the machine designed through the first phase of the current 
research.  
 
Figure 3-4 Development Process of the machine is developed through current research 
 
With reference to Pahl (Pahl, Beitz, & Wallace, 1984), Mital et al (Mital, Desai, & 
Subramanian, 2007) and Ullman (Ullman, 2003), each step of the Development Process 
is explained as below: 
3.2.1. Problem Definition 
A problem is a gap between existing and desired states (Peterson, Sampson, Lenz, 
& Reardon, 2002; Shelby, 2010) and so that problem-definition involves identifying the 
needs, functions, constraints and outputs. Problem definition in this research includes the 
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three sub-steps of “Subject clarification”, “Literature review” and “Specification 
elaboration”. An overview of the design phase is presented in Subject clarification. 
Current apparatuses of bone plate deformation and the developments in this field are 
reviewed in the Literature review, and Specification elaboration provides the demands 
and expectations from the prospective machine. 
3.2.2. Machine Design 
This step includes three important sub-steps of “Conceptual Design”, “Embodiment 
Design”, and “Detailed Design”. Conceptual design, which has an ultimate importance in 
innovative design, involves a series of functions such as Structure establishment, Solution 
principles foundation, Combination of the principles into the concept variants and Idea 
generation. Elaborated concept variants must be evaluated in order to eliminate the 
variants that do not satisfy the specifications and sort the others. Although economic 
considerations play a part in design, technical parameters are of priority in this sub-step. 
Layouts are determined and the system is developed in accordance with technical 
and economic considerations through Embodiment design. It is often necessary to 
produce several layouts to obtain more information and then evaluate them effectively. 
Detailed design is the sub-step in which the arrangement, form, dimensions and material 
properties of all parts are specified, and the technical feasibility of the machine is re-
assessed. In this sub-step, difficulties caused by lack of attention to detail arise 
frequently, and quite often, corrections must be made and the other necessary prior sub-
steps should be repeated.  
3.2.3. Prototyping and Performance Test 
Prototyping is the process of developing a prototype for design assessment 
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(Bordegoni, Cugini, Caruso, & Polistina, 2009), and a prototype is “an original model on 
which something is patterned”, “an individual that exhibits the essential features of a later 
type” or “a standard or typical example” (Naumann & Jenkins, 1982). There are three 
main types of prototyping techniques available (Chua, Teh, & Gay, 1999; Zorriassatine, 
Wykes, Parkin, & Gindy, 2003): 
 Traditional prototyping, which includes the production of a physical model 
with easy-forming or real materials such as wood, clay, foam or metal  
 Rapid prototyping (RP), which includes the production of a physical model 
from a computer 3D model, adding RP material layer-upon-layer 
 Virtual Prototyping (VP) which includes the analysis and simulation conducted 
on a fully developed computer model. VP performs the same tests of physical 
prototyping for assessment 
Rapid prototyping is faster and cheaper than the traditional method in making fully-
functioning physical models of highly complex internal and external geometries from 
CAD models. It does not need expensive tools such as dies or jigs and fixtures. However, 
only a limited range of materials can be used in RP. Physical deformation problems such 
as shrinkages and warps can pose a major drawback with some RP methods. In such 
cases, even if RP parts fit well, there is no guarantee that they are dimensionally correct, 
as shrinkage of two or more parts in the same direction could still produce a good fit. 
Moreover, some RP methods cannot satisfy the specified tolerances and surface finishes 
(Zorriassatine, et al., 2003). 
Recently, Virtual Prototyping (VP) has become popular in product assessment  
because of its notable capabilities, namely creating and viewing 3D solid models with 
various colours and surface textures; various types of data can be collected (J. H. Liu, 
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Ning, Yao, & Wan, 2006; Seth, Vance, & Oliver, 2011; L. Wang, Keshavarzmanesh, 
Feng, & Buchal, 2009; Zorriassatine, et al., 2003), and significant saving can be made in 
time, cost and human resources (Bordegoni, et al., 2009). Assessment by VP includes 
finite element analysis (FEA) and mechanical modelling for fit and interference checking 
(Chua, et al., 1999; Zorriassatine, et al., 2003). Visual inspection of a digital 3D assembly 
can be achieved using a variety of options including dynamic view of any part from any 
desired angle, virtual fly-through and magnified view.  
VP can be performed through Virtual Reality (VR). VR refers to the idea of 
transferring a person to a different environment without any physical movement, creating 
the illusion of interaction with the artificial environment and studying the behaviour. 
Currently, virtual machining systems simulate and optimise real machining processes by 
considering effective factors such as cutter configuration, cutting forces, difficulties of 
machined surface, and the apparatus specification. Similarly, commercially available 
software packages make it possible to automatically program Coordinate Measuring 
Machines (CMMs) for quality control tasks prior to starting actual production. Also, VP 
tools facilitate fixture design by automatic generation of Clamps, Supports and Locators 
regarding the CAD model of the product. Advanced simulation tools can also reflect 
factory activities and provide an accurate prediction of effective parameters, such as 
Production Lead Time
1
, by simulation of the flow of materials and parts through 
constrained resources. Traditionally, expensive full-size mock-ups of product, together 
with life-size human models or real users, were used to evaluate safety, ergonomics, 
visibility, and manoeuvrability. Today, most human factor aspects affecting 
manufacturing and assembly operations can be studied extensively by VP techniques.  
                                                                
1
 Production Lead Time refers to  time from the start of physical production of first sub-
module/part to production finished (ready for delivery) 
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Despite all advantages, precision of VP in verification is limited because of 
simplification in geometry, boundary conditions and material properties, converting a 3D 
problem into a 2D model and symmetrising (Magne, 2010). 
All-in-all, VP techniques are recommended for dimensional and performance 
testing of the developed machine through the present research, and therefore design 
assessment is mainly done by VP employing SOLIDWORKS and ANSYS Workbench 
software packages.  
3.3. Specifications of the Prospective Machine 
As concluded from the Literature Review chapter, there is no appropriate 
machinery for deformation of orthopaedic bone plates during surgery. Therefore, either of 
the following approaches should be followed: 
 A machine from other industries is modified for this specific purpose 
 The desired machine is designed from scratch. 
The first approach is chosen first to save on costs. 
Before pursuing either of the approaches, the specifications of the prospective 
machine should be defined, because it is critical to know the selection criteria/design 
principles. The specifications of the prospective machine are defined as follows: 
i. A product is made by either of discrete or continuous manufacturing methods. 
Discrete manufacturing is the production of distinct items (JD Edwards World, 
2013) such as phone, car, or a cup. The prospective machine should be 
applicable for deformation of bone plate as a discrete production method. 
ii. Simulation of potential deformations of 5mm-thick Ti-6Al-4V fracture fixation 
plate revealed that up to 1600N bending force and 60N.m torsional moment are 
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needed for the deformations. Considering a safety factor of 2.5 for the design 
(Hansson, 2010), the prospective machine should be able to apply bending 
forces up to 4000N and twisting moments up to 160N.m. The safety factor of 
2.5 is applied because of the fact that the new machine must be able to perform 
all kind of deformations on all kind of fracture fixation plates. New types of 
plates with higher thickness or stronger biomaterials may be introduced in the 
future.   
iii. Bending, twisting and a combination of both are potentially applied for 
deformation of bone plates during surgery. The machine should be able to 
apply all types of the necessary deformations on all types of the existing 
fracture fixation plates. Since a large diversity of the plates are available for 
bone fracture fixation (Figure 3-5), the machine should include high degrees of 
freedom to be able to apply the mentioned deformations.  
 
Figure 3-5 Some types of fracture fixation plates (Synthes GmbH, 2006) 
iv. Based on the clinical requirements, the machine should be able to bend and 
twist the plates in the range of ±35°. Regarding the structure of the plates, the 
gripper of the machine should be able to be initially positioned in the range of 
±60°. Therefore, the gripper should be able to cover ±95°. 
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v. Multiple fit criteria are recommended for plate deformation (Harith, Malekani, 
Schmutz, Yarlagadda, & Schuetz, 2013; Harith, Schmutz, Schuetz, Gu, & 
Yarlagadda, 2011; Schmutz, et al., 2008). Depending on the fitting conditions, 
it is necessary to deform the plate on either of the defined criteria. Fitting 
criteria are not highly strict in terms of the gap between the plate and the 
underlying bone. Regarding the sizes of the plates, range of the deformations, 
and the fit criteria, it is necessary to position the gripper on the plate with the 
precision of ±2mm to apply the forces and moments. In other words, the 
machine should have a positioning precision of ±2mm.  
vi. In plastic deformations, a small change in force and moment makes a visible 
difference in the results. Preliminary finite element analysis of the deformation 
of bone plates by the author determined that if bending force and twisting 
moment varies less than 1% from the nominal value, the fitting results can still 
be acceptable. But, bigger than this number can lead to wrong results. In other 
words, it is necessary for the machine to have a process precision of 1%. 
vii. It is proven that surgeons bear an incredible amount of mental load during 
surgery (Czyżewska, et al., 1983; Green, et al., 1990; Hall, et al., 2003). So, the 
physical and psychological conditions of a surgical team during an operation 
should be considered in the machine design. Working with the machine should 
be simple. Also, it should not include heavy physical activity. 
Besides the abovementioned particular design specifications, there are some general 
principles that should be considered in the machine design (Slocum, 1992; Ullman, 
1992). 
viii. The machine should be applicable for the wide range of the bone fracture 
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fixation plates (universality) 
ix. It must be technically feasible and should have economic justification. 
x. All Health and Safety regulations (Queensland Government, 2006) should be 
considered in the new machine.  
xi. If the first approach is followed, the machinery from other industries should be 
automated or at least have a feasibility of automation. If it is designed from 
scratch (second approach), an automated machine should be developed from 
the beginning. 
xii. All surgical instruments must obey the recommended hygienic regulation 
(Joint technical comittee of Australia and New Zealand of HE-023, 2003). So, 
if the first approach is followed in here, the potential machine from other 
industries should be applicable for medical affairs. If the second approach is 
followed, this factor should be considered from the step of conceptual design.  
3.4. Literature Review of Related Technology in Non-medical Industries  
Products of 28 large manufacturers of metal-forming machineries found from the 
“Direct Industry” (VirtualExpo Co., 2010) and the search-engine of Google were studied 
through their official websites. Contact with some companies was necessarily conducted 
to enquire about the details of their product. Summary of the evaluation of the studied 
products with regard to the previously mentioned key-specifications of the prospective 
machine is given in Table 3-1. More details about these products are provided in the 
given references as follows: 
 AddisonMckee (AddisonMckee Manufacturing Co., 2010)  
 AKYAPAK (Akyapak Machinary Co., 2010)  
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 ALFRA (Alfra Co., 2010)  
 AMADA (AMADA Co., 2010)  
 AMCO (AMCO machinery Co., 2010)  
 Baileigh (Baileigh Industrial’s, 2010)  
 BMK (Baltic Machine-building (BMK) Co., 2010)  
 Bystronic & Beyeler (Bystronic Co., 2010)  
 Consolidatedmachines (Consolidated Machines Co., 2010)  
 EMCO (EMCO Group, 2010)  
 EMCO Tools & Gauges (EMCO Tool & Gauge Corp., 2010)  
 GEKA (GEKA Group, 2010)  
 Gressel (Gressel AG, 2010)  
 Knuth (KNUTH Machine Tools, 2010)  
 LVD (LVD strippit, 2010)  
 MEWAG (M. M. AG, 2010)  
 NARGESA (Prada Nargesa Co., 2010)  
 Safan (Safan Co., 2010)   
 SIMASV (SIMASV Co., 2010)  
 SOCO (SOCO Co., 2010)  
 Stierli-bieger (S.-B. AG, 2010)  
 TABAMA (Tabama Sheet Metal Working Machinery, 2010)  
 Jinan Testing Equipment (Jinan Testing Equipment IE Corp., 2010)  
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 Testingmachines (Testing Machines Inc., 2010)  
 Testresources (TestResources Co., 2010)  
 UNISON (Unison Co., 2010)  
 Voortman (Voortman Steel Group, 2010)  
 Zopfbiegemaschinen (Zopf Biegemaschinen Handels GmbH, 2010) 
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Table 3-1 Summary of evaluation of the studied products 
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AddisonMckee  0 0 0 0 0 0 1 0 0 1 0 Provided for pipe bending in mass production workshops 
AKYAPAK  
0 1 0 1 0 0 1 0 1 1 0 Provided for metal bending in workshops in batch production 
0 1 0 0 0 0 0 0 1 1 0 Provided for pipe and profile bending in mass production workshops 
ALFRA  0 1 0 1 1 0 1 0 1 1 0 Provided for metal working processes in mass production workshops 
AMADA  0 0 0 0 0 0 1 0 0 1 0 Provided machines of this company are different of our needs 
AMCO  
0 1 0 0 0 0 0 0 1 1 0 Provided for metal cutting processes in mass production workshops 
0 1 0 0 0 0 0 0 1 1 0 
Provided for metal pipe and profile bending in workshops in batch 
production 
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Baileigh  0 1 0 1 1 0 0 0 1 0 0 Provided for metal forming processes in small production workshops 
BMK  0 1 0 0 0 0 0 0 1 1 0 
Provided for metal pipe and profile bending in workshops in mass and 
batch production 
Bystronic & Beyeler  0 0 0 0 0 0 0 0 0 1 0 Provided for metal bending in workshops in mass production 
Consolidatedmachines  0 0 0 0 0 0 0 0 1 1 0 
Provided for metal pipe and profile bending in workshops in batch 
production 
EMCO  0 1 1 0 0 0 0 0 1 1 0 Provided machines of this company are different of our needs 
EMCO Tools & Gauges  0 0 0 0 0 0 0 0 1 1 0 Provided machines of this company are different of our needs 
GEKA  0 0 0 0 0 0 0 0 0 1 0 
Provided for metal cutting and punching processes in mass production 
workshops 
Gressel  0 1 0 1 0 0 0 0 1 0 0 Provided for small workshops and light duty single productions 
Knuth  
0 0 0 1 0 0 1 0 0 1 0 Provided for deep drawing process in mass production workshops 
0 1 0 1 1 0 0 1 1 0 1 Provided for small workshops and light duty single productions 
LVD  1 1 0 1 1 1 1 0 0 1 1 Provided for metal forming processes in mass production workshops 
MEWAG  1 1 1 0 0 0 0 0 1 1 0 Provided for pipe and profile bending in mass production workshops 
NARGESA  0 1 0 1 1 0 1 0 1 1 1 
provided for small metal parts bending and cutting in batch and single 
production 
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Safan  0 1 0 1 0 0 1 0 0 1 0 Provided for metal bending in workshops in mass production 
SIMASV  0 1 0 1 0 0 0 0 1 1 0 
Provided for metal forming processes in mass and batch production 
workshops 
SOCO  0 1 0 0 0 0 1 0 0 1 0 Provided for pipe and profile bending in mass production workshops 
Stierli-bieger  0 1 0 0 1 0 0 0 1 1 0 Provided for metal bending in workshops in batch production 
TABAMA  0 0 0 0 0 0 1 0 0 1 0 Provided for metal forming processes in mass production workshops 
Jinan Testing Equipment  0 1 0 1 1 0 1 0 1 1 1 Provided for mechanical properties test in  QC labs 
Testingmachines  0 0 0 1 1 0 1 0 1 0 1 Provided for test of thin plates of plastic or other flexible materials 
Testresources 0 1 0 1 1 1 1 1 0 1 1 Provided for mechanical properties test in  QC labs 
UNISON  0 1 0 0 0 0 0 0 0 1 0 Provided for pipe bending in mass production workshops 
Voortman  0 0 0 0 0 0 0 0 0 1 0 Provided machines of this company are different of our needs 
Zopfbiegemaschinen  0 1 0 1 0 0 0 0 1 0 0 Provided for small workshops and light duty single productions 
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This study clarifies that, in 2010 in which the study was conducted, there was 
no available machine that satisfied all (or even most of the) specifications. Further, 
the available forming machinery is mostly provided for mass and continuous 
production, and for heavy-duty applications. Light-duty machines are usually 
universal but manual, and mostly have low degrees of freedom, none with the 
capacity of applying both bending forces and twisting moments. Few have the 
capacity of precise positioning in terms of the range of fracture fixation plates 
dimensions. 
Also: 
 Since the parameters of deformations (place, magnitude and direction) 
differ in every case of bone fracture surgery, the deformation procedure of 
bone plates is classified as single-unit production (Woodward, 2002). So, 
the desired machines should be suitable for this type of production, but 
none are. 
 A few of the studied machines have enough freedom in terms of 
force/moment application and clamping. 
 Prospective apparatus should have the three specifications of “applicability 
for discrete parts”, “process precision” and “positioning precision” 
together, to be able to perform the deformations properly. Very few of the 
studied machines can satisfy all requirements together. 
 Time is critical in surgery. Since more than one plate can be implanted in 
some bone fracture fixation surgeries, the desired machine should not only 
be able to apply the deformations with a reasonable speed, but also be able 
to perform various types of deformations on either one or more plates 
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without large modifications in configuration. Most current machines are 
either applicable for a small range of parts or need to be thoroughly 
modified to be applicable for different part types. 
 All medical equipment must meet cleaning, disinfection and sterilization 
standards, i.e. AS/NZS 4187 (Joint technical comittee of Australia and 
New Zealand of HE-023, 2003). This parameter must be carefully 
considered in the evaluations of all studied machines. Very few of the 
machines already studied can meet this requirement and be used for 
medical purposes. 
Altogether, there is no available machine that meets the requirements of the 
prospective machine and therefore it should be designed from scratch. 
3.5. Design Principles 
Principles of the design refer to the basics that are considered in the 
development of the new machine. They include the: 
3.5.1. Clamp 
Clamp is a mechanical device with movable jaws, with which an object can be 
secured to a bench or two objects may be secured together. All clamps should have 
some general specifications such as stability, high-speed and easy performance. 
Besides, they should include some particular specifications which differ according to 
the application. The following principles have been considered in clamp design: 
 At least two clamps should collaborate in deformation. One for gripping 
the plate at a pre-defined place and the other for performing the 
deformation. Size, especially the width of the clamp, is limited because of 
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the material and size range of bone plates as well as fitting conditions. The 
fitting conditions of a distal tibial plate (Harith, et al., 2011; Schmutz, et 
al., 2008; Schmutz, et al., 2011) are studied as a sample.  
 It should be sterilized regularly because of direct contact with bone plate 
and in direct relation to patient health. Its performance should not degrade, 
due to long-term exposure to sterilisers including heat, chemical cleaners 
and ultrasonic wave. 
 Regarding the overall time of deformation process, ideally, the clamp 
should be universal and applicable to all types of the plates in all sections. 
3.5.2. Power Supplier of the Clamp 
The power supply system plays a crucial role in design of the clamp. 
Permanent and temporary magnets, vacuum, electricity, hydraulics, pneumatics, 
spring and mechanical systems were studied and it was finally concluded that the 
magnets cannot be used because: 
 Big amounts of dynamic forces and moments should be applied to the 
clamp and power density
1
 of magnetic tools is low. Therefore, inevitably, 
the size of such a clamp will be big and the magnetic field will be large. 
 A large magnetic field can cause adverse effect on bone plates. 
 A large magnetic field can cause adverse effect on performance of all 
electronic components of the machine, such as sensors. 
A vacuum system cannot be implemented because: 
                                                                
1
 Refers to the ratio of generated power to the volume (or mass) of power generator 
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 Its power density is low and therefore it cannot supply sufficient force to 
the small gripping area of the clamp (Figure 3-6). 
 The holes on bone plates make serious difficulties in feasibility of this 
technique.  
Hydraulic, pneumatic, electric, and spring systems or a combination of them 
can be used for the prospective clamp. 
 
Figure 3-6 Grip area of a clamp 
Among hydraulic, pneumatic and electric systems, the electric system excels 
when an absolute accuracy of movement or a continuous motion is needed. It is also 
better in rotary motion. Hydraulics by far supplies the highest power and allows full 
velocity to be achieved quickly. Speed and force are easily and continuously 
controllable over a wide range in pneumatics. This system is functionally reliable 
under adverse operating conditions, and is insensitive to external influences such as 
high and low temperatures, dirt, mechanical vibration, moisture and electrical noise. 
Hydraulic and pneumatic applications achieve linear motion simply and easily. Table 
3-2 shows the summary of evaluation of these. 
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Since the power density of the pneumatic system is low and there are not any 
adverse operational conditions existed in deformation of bone plates during surgery, 
it is omitted from the trial list. Other systems are examined and the final decision is 
made after assessment.  
Table 3-2 Technical comparison among different kind of power supplying systems (Bosch Rexroth 
Corporation, 2006) 
 
3.5.3. Sterilization and Hygienic Considerations 
Similar to what has been explained for the clamp, sterilization and disinfection 
are highly necessary for medical devices. Therefore, maintenance of mechanical 
properties and performance in spite of frequent exposure to sterilizers should be 
carefully considered in machine design. Sterilisation methods can change the 
material properties of the metallic parts, ruin the plastics and rubbers, and can make 
serious problems for electronic components. Using disposal covers is a good solution 
but limits the design. 
According to the supervisory team of the thesis, since the plate can be sterilized 
after deformation, any such consideration which impedes the design can be ignored. 
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3.5.4. Other Parameters 
The following principles are also considered in machine design: 
 In multi-component machines it is better to use the same kind of power 
suppliers for all components. It simplifies the design, and reduces the 
production and maintenance costs. 
 In machine design it is better to use standard parts as much as possible. 
Manufacturing and maintenance of the machine is easier and the costs 
reduce when standard parts are used in design. 
 Safety while working with a machine is highly important, and therefore all 
related parameters such as “emergency stop buttons”, lock keys and 
ergonomic parameters should be considered carefully. 
 Feasibility of both automatic and manual performance should be 
considered in design. 
3.6. Conceptual Design 
Several ideas of the machine were generated and assessed. Some ideas were 
totally new while the others had stemmed from the former ideas proposed through 
the conceptual design of the current thesis. All ideas were initiated from the clamp 
and then the other components were added if it was satisfactory. 
Figure 3-7 shows the first idea. This idea included a dozen of similar 
deformation units assembled together along the X axis and connected to an electrical 
power supplier. Each unit could apply deformation independently. Rotational 
movements were supplied by a set of gears. The plate was supposed to be located on 
the grippers in the middle of the machine. All deformation units were clamping the 
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plate and one of them was applying the required deformation by rotation along the X 
axis. Then this unit was locked in that position and another deformation was being 
performed. 
 
Figure 3-7 First idea for the prospective machine using a series of deforming unit 
Rotational freedom of the idea was very limited and therefore it was modified 
to the idea of Figure 3-8. 
These ideas were not developed further because of the fundamental technical 
drawbacks in performance, positioning and universality. They had a limited freedom 
in rotation and could not meet the machine specification about positioning and 
deformation freedom (±60° and ±35° in order). They could not meet the criterion of 
positioning precision (±2 mm) because all deformation units were fixed along the X 
axis and the plate could not be located in any position. Besides, the bending process 
had to be done by another component of the developed machine. Since sometimes a 
combination of bending and twisting should be done on the plate, designing two 
separate components for bending and twisting is not an accurate way forward. 
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Figure 3-8 Modification of the first idea for the machine 
The next idea was based on frictional behaviour of the in-contact parts and the 
shape-recovery characteristic of springs (Figure 3-9 and Figure 3-10).  
 
Figure 3-9 Idea of machine based on spring systems for clamping 
Springs are provided in a vast variety of types differing in profile, shape, 
length, material and manufacturing procedure. Die springs, the most strong and 
durable springs, were implemented in development of this idea. 
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Figure 3-10 Clamp of the earlier models 
In this idea, the plate was being held during deformation process by two lock-
screws (Figure 3-11). The gripper component was located on top of the machine and 
could move along the plate-length continuously, so that it had enough positioning 
precision. 
 
Figure 3-11 Idea of plate gripper for the prospective machine 
In this idea, the plate is clamped and deformed by two hydro-mechanical 
components shown in Figure 3-12. For performing the deformation, the plate was 
clamped first and the clamp was rotated by rack and pinion systems or a planetary 
gearing system. 
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Figure 3-12 A deformation unit proposed for the new machine 
This idea included many advantages such as eight Degrees of Freedom (DoF) 
for the gripping component (Figure 3-11), matching with the irregular surfaces of 
bone plates, auto-lock and auto-release capabilities, and notable save in energy. 
However, the big size of the deformation components could cause problems in the 
future in the positioning and process. Minimum distance between two gripping 
points (Figure 3-13) by this clamping technique was 48mm, which is too big. 
Difficult calibration process, fatigue and limited flexibility of the clamp were the 
secondary drawbacks of this machine. 
Additionally, through evaluation of the model, it was advised not to use the 
threads of the plates for holding and gripping because some plates do not have 
thread. Also, due to ill-effects on fixation and healing, the threads of threaded-plates 
should be kept away from any kind of damage during surgery. It was also 
recommended to minimize the overall mass and dimensions of the machine as much 
as possible because this machine will be used in different operation rooms of 
hospitals. It should be easy to carry it within the operation rooms. 
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Figure 3-13 Closest feasible distance between grippers if the clamp is used 
Later, the clamp was modified into the following model (Figure 3-14). This 
model had a smaller tip and could provide more space for linear movement. It had 
used a smaller spring because of combining the spring with a hydraulic system. 
 
Figure 3-14 Modified model of the clamp 
The modified model was not completely satisfactory because it was not fully 
controllable during the process, and was not small enough. Also, high elasticity of 
spring systems could cause error in deformation results. There is a need for regular 
maintenance of in-contact surfaces and the spring should be added to the mentioned 
drawbacks. Other problems in durability of the system and consistency of the 
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performance could arise if the parts of this machine were sterilized by heating. All-
in-all, this idea was suitable and then was given up. 
A combination of hydraulic and electric systems was used in the next design. It 
could offer higher power density and simpler structure. A hydraulic system was 
considered for gripping and linear movements, and electric servomotors for 
rotational movements. Indeed, it attained the benefits of both systems. 
Many kinds of grippers, clamps, mechanical arms and dexterous hands were 
studied for structural design of the clamp. Flexible tools include a number of strings, 
springs and DC electric motors. Despite having enough flexibility, they are not 
powerful. For example, the most powerful robotic hand named “Robonaut 2” 
(National Aeronautics and Space Administration (NASA), 2010a) is only able to 
hold a 20lb
1
 weight  while most of them cannot even bear 5lb static load (National 
Aeronautics and Space Administration (NASA), 2010b).  
 
Figure 3-15 Clamps and grippers of BTM corporation  
After a thorough survey, it was found that some clamps and grippers of the 
BTM Corporation (BTM Corp., 2010) (Figure 3-15) are close to the criteria of the 
                                                                
1
 20lb=89N 
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current research and could be used in the next design.  
Like earlier designs, high strength steels were considered for all parts of the 
clamp to ensure its durability under heavy loads and exposure to sterilizers. 
Accordingly, the clamp of Figure 3-16 was proposed. It was gripping the plate 
by movements of two jaws toward each other, made by linear horizontal movement 
of a hydraulic cylinder. This clamp was flexible and strong. It was also narrow in the 
tip. Its tip could be changed easily, rapidly and safely for several deformations in a 
short time and regular daily sterilization. There was no need for screwdriver, wrench 
or other tools to assemble and disassemble the new clamp. Additionally, it did not 
include any part for which regular maintenance is crucial. 
 
Figure 3-16 Idea of the clamp of the prospective machine 
Since the clamp design was satisfactory, other parts and components were 
developed accordingly, and the model of Figure 3-17 was then proposed. It included 
two components for either gripping or deformations. The components were sliding 
along the X and Z axes through two slots (Figure 3-18). One of the clamps was 
holding the plate and the other was deforming it. Later, they were changing their 
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gripping positions one-by-one and were applying the next deformations. In this 
model, the plate was located on the small gripper before and after deformation. 
 
Figure 3-17 Idea of new machine using two sliding clamps 
 
Figure 3-18 Assembly of the clamp of the new machine  
Through evaluation it was discovered that it had a fundamental limitation in 
clamp movements i.e. it could not locate the rotation centre on gripping point. This 
machine could perform only a few types of deformations; this problem had not been 
solved. Since none of the trials for modification of the idea was successful, it was 
given up. Indeed the problem could not be solved unless by a fundamental change 
which would result in a totally new design. 
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Another idea was developed (Figure 3-19) but motion studies revealed that it 
could not solve the existing problem at all. 
 
Figure 3-19 Idea of the machine using a spherical bed for performing the 
deformations of bone fracture fixation plates 
Another design was developed which was using a gearbox, a servomotor and 
two hydraulic cylinders for gripping and movements (Figure 3-20).  
 
Figure 3-20 Idea of new machine using a gearbox clamp  
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This idea included two hydraulic cylinders, an electric motor, a mechanical 
clamp and a gearbox. Cylinder 1 was used for clamping and cylinder 2 for applying 
deformation forces. The electric motor was used for rotation of the deformation unit. 
The lower jaw (Figure 3-21) was fixed and only the upper jaw could move (to adapt 
the jaws with different thicknesses of the plates). A rack connected to cylinder 2 was 
used to rotate the pinion and consequently, the quarter spur gear, to apply the 
deformation.  
The clamp of this idea was small but powerful. However, it could not solve the 
shortcomings of the previous design properly. Trials on solving the existing problem 
of this idea failed and therefore it was given up as well. 
 
Figure 3-21 Different views of the clamp of an idea proposed for the new machine 
In total, none of the abovementioned ideas worked because it was not possible 
to meet all previously mentioned specifications at the same time. Locating the centre 
of rotation on the plate had made the problem more challenging. All-in-all, it was 
necessary to change the design approach. Till that time, all ideas were based on 
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developing a bench-size CNC deforming machine with minimum dimensions, weight 
and costs. In the new approach, the secondary design criteria, i.e. weight, dimensions 
and economic justification, were eliminated and it was decided to try other advanced 
manufacturing technologies. Also, a simple but strong clamp was considered instead 
of a dexterous gripper.  
A robotic arm, RA, was the best candidate for the new approach. Minimum 
degrees of freedom of the robotic arm, called number of axes, were defined first. A 
3D modelling and motion study of the RA (Figure 3-22) showed that a minimum 6-
Axis RA is needed for deformations. Order of the axes in this idea was defined after 
the existing industrial RAs. 
 
Figure 3-22 Layout of robotic arms for deforming orthopaedic bone plate during 
surgery 
The new idea met the design criteria and no problem was seen through 
evaluations. So, the conceptual design was accomplished. In the conceptual design 
dimensions, weight and costs were minimized and the second RA was substituted by 
a fixed clamp (Figure 3-23). 
However, its motion study indicated that it cannot apply all kind of the required 
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deformations because the arms were too short. Necessarily, the axes were elongated, 
but it raised another problem. Under new configurations, the RA could not perform 
all deformation because there was a gap in workspace coverage (Figure 3-24). 
 
Figure 3-23 Conceptual design of a 6-Axis RA for deformation of bone plates 
 
Figure 3-24 Gap in workspace coverage when one of the RAs was omitted 
Either of the below approaches could be followed to resolve this problem:  
 Using two 6-Axis RAs 
 Using a 7-Axis RA 
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A 7-Axis robot takes less space and involves lower maintenance costs, 
therefore, it was chosen. Modelling and motion study of the 7-Axis RA showed that 
it solves the problem and is not faced with any other problem. Figure 3-25 shows the 
front view of this design in two positions of positive and negative deformations. 
 
Figure 3-25 Front view of the 7-axis RA for orthopaedic bone plate deformation 
during surgery (A: Positive deformation & B: Negative deformation) 
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This RA can deform up to +107° and -102°, and covers ±500mm in plate 
length (Figure 3-26).  
 
Figure 3-26 Top view of the 7-Axis RA in three gripper positions of 0 and ±500mm 
A single-Axis gripper is used for gripping the plates. This single axis allows 
gripper to rotate ±90° and facilitate deformation of L-shaped bone plates. Figure 3-27 
shows the configuration of the RA in the straight and 90° gripper positioning. 
 
Figure 3-27 Positioning of RA gripper in the positions of (A) 0° and (B) +90° 
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3.7. Detailed Design 
In the case of standard parts, the products of Harmonic Drive LLC (Harmonic 
Drive LLC., 2013) are used in detailed design steps. Harmonic Drive Company is the 
World's Largest Manufacturer of Precision Strain Wave Gearing and Motion Control 
Products. With multiple manufacturing facilities in the United States, Japan and 
Germany it offers precision gears, gearheads, servo actuators and motion control 
systems (Harmonic Drive LLC., 2013). 
For the materials, Al2024-T4 Aluminium alloy (Kaufman, 2009) and AISI 
1045 medium carbon steel (AZoNetwork UK Ltd., 2013) are mainly used for the 
body, frames and other parts. Al 2024 is known by low density, high strength and 
fracture toughness (Kutz, 2002). AISI 1045 steel is a medium tensile steel 
characterized by good weldability, good machinability, high strength and impact 
properties in either of the normalized or hot-rolled conditions (AZoNetwork UK 
Ltd., 2013). Leaded tin bronze alloy, C92300 (Cohen, 1990), is applied for the 
bearings. Minimum mechanical properties of these materials are given in Table 3-3.  
Table 3-3 Estimated minimum mechanical properties of Al2024-T4 (Kaufman, 2009), AISI 1045 
(AZoNetwork UK Ltd., 2013) and C92300 (Cohen, 1990) 
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In the robotic industry, gripper and clamp are known as End-effector. The 
LAH80 linear actuator (Harmonic Drive LLC., 2012a) is used for the end-effector of 
the developed RA
1
. It can be used for loads up to 4000N and has a positioning 
accuracy of 10μm. Figure 3-28 shows the proposed gripper2. Its dimensions are 
given in Figure 3-29. 
 
Figure 3-28 Gripper of the developed Robotic Arm for pre-surgical deformations of 
orthopaedic bone plate 
 
Figure 3-29 Gripper assembly of the developed RA for orthopaedic bone plate 
deformation during surgery 
                                                                
1
 Technical specifications of the standard parts are given in Appendix 1 
2
 CAD drawings of all parts and components are given in Appendix 2 
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The clamp of the RA is close to the gripper in elements. It includes an LAH80 
linear actuator, an SHF25-80 component set (Harmonic Drive LLC., 2012c) and a 
SHA25 rotary actuator (Harmonic Drive LLC., 2012b). The rotary actuator can 
produce up to 229N.m momentary torque. The component set is used for smooth and 
accurate transition of the produced moment. An SHF25 series can transform up to 
176N.m torque repeatedly. The clamp of the RA is shown in Figure 3-30. 
 
Figure 3-30 Clamp of the developed RA used for pre-surgical deformations of bone 
fracture fixation plate 
1
st
 axis, Figure 3-31, connects the RA to the floor. It includes an SHF40-80 
component set and an SHA40 rotary actuator. Figure 3-32 to Figure 3-37 show the 
parts of the 2nd, 3rd, 4th, 5th, 6th and 7th axes respectively. Generally, 2nd, 4th and 
6th axes are similar in structure, and similarly, 3rd and 5th axes are close in design. 
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Figure 3-31 1
st
 Axis of the developed RA for pre-surgical deformations of bone 
fracture fixation plates 
 
Figure 3-32 2
nd
 Axis of the developed RA for pre-surgical deformations of bone 
fracture fixation plates 
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Figure 3-33 3
rd
 Axis of the developed RA for pre-surgical deformations of bone 
fracture fixation plates 
 
Figure 3-34 4
th
 Axis of the developed RA for pre-surgical deformations of bone 
fracture fixation plates 
 
Figure 3-35 5
th
 Axis of the developed RA for pre-surgical deformations of bone 
fracture fixation plates 
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Figure 3-36 6
th
 Axis of the developed RA for pre-surgical deformations of bone 
fracture fixation plates 
 
Figure 3-37 7
th
 Axis of the developed RA for pre-surgical deformations of bone 
fracture fixation plates 
The overall assembly of the RA is shown in Figure 3-38. 
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Figure 3-38 Developed RA for pre-surgical deformations of bone fracture fixation 
plates 
This figure indicates that a 3˟4˟3 m
3
 (l˟w˟h) room is needed for the proposed 
robotic arm.  
3.8. Prototyping and Proof of Concept 
RA Prototyping was done for dimensional and performance evaluation, and 
conducted virtually by Solidworks and ANSYS software tools. All possible motions 
of the RA were simulated and it was proven that there is not any collision, locking 
and motion problems. The attached DVD includes a movie of the typical movements 
of the presented RA. 
Strength and safety of the RA was examined by the FEM method. The parts 
were modified out of necessity, to prevent any kind of failure. Finite element 
analyses demonstrated high safety factors (>4) in the process of all parts, which 
demonstrated that the developed RA will work safely in practice. Figure 3-39 shows 
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the FEA results of some parts as a sample. Single step static structural FEA was 
conducted for assessments and a MISO (Multilinear Isotropic Hardening with Rate-
independent plasticity) Material model was applied. The end-effector and the gripper 
were fixed in one end and the loads were applied in the other end, where they were 
applied in practice. The other parts and components were fixed in one end and the 
loads were applied remotely to accurately resemble the practical loading.  
 
Figure 3-39 Stress contour and safety factor of the RA parts attained by finite 
element analysis 
It is necessary to assure the three following elements to be confident about the 
performance of the design: 
 Motion study 
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 Mechanical strength of the parts 
 Strength of the standard parts 
Virtual motion studies of the machine by Solidworks software revealed that the 
machine works fine. Mechanical strength of the parts and components were analysed 
by an ANSYS workbench FEM software package and were optimized in necessity. 
As a result, the parts of the detailed design step include the ones that have sufficient 
mechanical strength. The standard parts were chosen regarding the design criteria 
and the technical data of these have been provided by the manufacturer. Since the 
manufacturer is a well-known leading company with decades of experience, it is 
expected that the provided data is reliable. The design criteria were recommended 
after a thorough study, a series of finite element analyses, consideration of 2.5+ 
factor of safety (FoS) and experimental validation tests. Altogether, since there is no 
problem with none of the above-mentioned elements of the design, it is expected that 
the machine will work effectively.  
3.9. Summary 
Design of the advanced intelligent machine for deformation of orthopaedic 
bone plates during surgery was discussed in this chapter. Steps of the design were 
introduced first and the reasons of choosing each step were explained afterward. 
Specifications of the prospective machine were indicated and then the potentially 
feasible machines in other industries were reviewed. It was concluded that there is no 
machine that satisfies the noted specifications and therefore it should be designed 
from scratch. Regarding the advances in science and technology, it is expected that 
the prospective machine will be intelligent and, ideally, with a capability of learning, 
process simulation and remote control. 
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The design of the machine started with the idea generation. Since CNC 
machines play an important part in advanced manufacturing technology (AMT), the 
idea generation started with development of a bench-size CNC machine. Several 
conceptual designs of CNC machines were examined. Finally it was concluded that a 
CNC machine cannot be the golden solution of this problem. Size, shape and variety 
of bone plates, technical feasibility, overall size, weight and the cost of the studied 
CNC machines were the parameters that affected in this conclusion. Robotic arms 
were then tried and was discovered that a 7-Axis RA is a good solution for the 
problem of automatic intelligent apparatus for pre-surgical deformations of 
orthopaedic bone plates. Detailed design of such an RA, its performance evaluation 
and finite element analyses were stated in the later sections of this chapter. 
The next chapter covers the second phase of the thesis, including the finite 
element analysis of the pre-surgical deformations of the bone plates. Principles, the 
steps of the analyses and the model validation are discussed. 
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Chapter 4:  Finite Element Analysis of Pre-surgical Deformations of 
Bone Fracture Fixation Plates – Part A: Model Development 
4.1. Introduction 
From the literature review chapter, it is clear that a well-fitting orthopaedic 
bone plate reduces soft-tissue impingement/irritations (Schmutz, et al., 2011) and 
ensures the optimal load transfer during the healing period (Ahmad, et al., 2007). 
Moreover, it facilitates the process of closed reduction in terms of axial and 
rotational alignment of the main fragments (Schmutz, et al., 2011). So, nowadays, 
orthopaedic bone plates are anatomically pre-shaped regarding the underlying bone. 
However, since the bone morphology is patient-specific and the fracture fixation 
plates are provided in a limited range of shapes, sometimes they do not fit to the 
underlying bones. For example, only 19% of the precontoured distal tibial plates fit 
to the underlying bone initially (Schmutz, et al., 2008; Schmutz, et al., 2011). To 
improve the fitting conditions, bone plates are usually deformed during surgery when 
they do not fit to the underlying bone initially. Deformations include bending and 
twisting of the plate at specific points with specific magnitudes. Material properties, 
springback effect, stress concentration and profile of the threads are the most 
important factors affecting the deformation quality and limiting the deformation 
ranges. Through the current thesis, both bending and twisting deformations of 
orthopaedic bone plates during surgery are simulated using the finite element method 
and the previously mentioned parameters are studied. The simulation process is 
conducted in three steps of Preliminary analysis, Validation of the model and 
Comprehensive FEA. The first two steps are provided in the current chapter and the 
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last step will be discussed in the next chapter. This chapter introduces the scientific 
and technical basics of the topic. 
4.2. Factor of Safety 
According to Burdekin (Burdekin, 2007), safety is obtained when it is ensured 
that the resistance against failure is greater than the effects of the various types of 
loading which may occur. Most commonly, Factor of Safety (FoS), also called Safety 
Factor (SF), is the ratio of the maximal burden on a system that does not cause 
damage to the highest allowed burden (Clausen, Hansson, & Nilsson, 2006; Hansson, 
2010). 
Factor of Safety (FoS) is used in a wide variety of disciplines to avoid any kind 
of failure (Clausen, et al., 2006) and is mainly discussed in four categories of (Stacey 
& Sharp, 2007): 
 Ultimate strength 
 Fatigue 
 Accidental damage 
 Serviceability 
A factor of safety based on ultimate strength is used in the assessment of 
plastic deformations and non-linear behavior of a structure; there is a fundamental 
need to satisfy the limit state condition of: 
 R > L Equation 4-1 
where R is the structural resistance and L is the loading on the structure 
(Stacey, et al., 2007). Regarding this limit state condition, the following equation is 
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applied in plastic deformations: 
     
                 
                  
!  Equation 4-2 
 
Ultimate Strength- including shear, tensile, compression or a combination of 
them- is related to the mechanical properties of material. It is suggested to apply an 
FoS of 1.1-1.5 for totally reliable materials used under controllable conditions. It 
increases to 3-4 for less tried and brittle materials under average conditions of 
environment, load and stress (Juvinall & Marshek, 2005). Deformation of fracture 
fixation plates can be classified in the first category. 
In deformation of fracture fixation plates during surgery, when the FoS is less 
than 1, a damage is generally generated in any forms of crack or micro-crack (Figure 
4-1). Since microcracks are not visible by the naked eye they have been ignored in 
some cases, which has affected the plate performance during healing. To date, 
numerous cases of plate failure during healing have been reported (Strauss, 
Schwarzkopf, Kummer, & Egol, 2008). 
 
Figure 4-1 Example of plate fracture during healing (Strauss, et al., 2008) 
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4.3. Springback Effect 
Springback is a common phenomenon in metal forming (mostly sheet metal 
forming), which is mainly caused by elastic recovery and redistribution of internal 
stress during the unloading process (H. Li et al., 2011). Material properties (yield 
stress, Young’s modulus, strain hardening), thickness of the specimen, tool shape and 
dimension, contact friction and sector angle are the parameters that mostly affect 
springback. For example, springback increases with an increase in the yield strength 
and strain hardening; it decreases with an increase in Young’s modulus (Panthi, 
Ramakrishnan, Ahmed, Singh, & Goel, 2010).  
In a typical bending process, springback effect is explained as follows: 
Variation in bending stresses through thickness causes springback after 
bending. In bending, the stress changes from tensile on the outside surface to 
compressive on the inside surface of the specimen (Figure 4-2). The largest tensile 
stress occurs on the outside surface of the material. The tensile stress decreases 
towards the centre of the sheet thickness and becomes zero at an axis named Neutral 
Axis. 
 
Figure 4-2 Distribution of strain determined by the simple beam-beam theory; (a) 
Linear distribution for fibre elongations and contractions. (b) Distribution of 
engineering strain. (c) Distribution of true strain. (Semiatin, 2006) 
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There is a narrow elastic band on both sides of the neutral axis in which the 
stress is below the yield strength (Farsi & Arezoo, 2011; Yarlagadda & 
Somasundaram, 1993). Through bending, the zones with stress beyond the yield 
strength are deformed plastically. When the specimen is unloaded, the elastic band 
tries to return to the original condition, but it cannot because of the resistance from 
the plastically deformed zones. However, a slight return occurs to reach a stable 
equilibrium between the elastic and plastic zones. This return is known as springback 
(Farsi, et al., 2011). 
 
Springback effect is an undesired phenomenon and normally has an adverse 
effect on quality of the product, such as reducing the geometric precision derived 
from the difference between nominal and actual dimensions. Therefore, a variety of 
manufacturing techniques have been developed to deal with it. The simplest 
technique involves over-bending the specimen. This is not applicable to complexly 
curved parts because it is not easy to apply the compensation in all parts of the 
complex curves. Other approaches include the use of deformable tools, adjustments 
to small die radii and clearances, through-thickness deformation, variable or stepped 
blank holder force control, multiple forming steps, or reconfigurable tooling (Carden, 
Geng, Matlock, & Wagoner, 2002). Among all abovementioned approaches, only 
over-bending can be applied in deformation of orthopaedic bone plates; because all 
others need punch and die for performance, but deformation of bone plates during 
surgery is a free deformation which is done by pliers, irons and other simple 
apparatuses (Malekani, et al., 2012). 
To date, numerous studies have been conducted to investigate the springback 
and define the best approach for minimizing its adverse effect (Abdullah, Sapuan, 
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Samad, & Aziz, 2012; Ahmad, et al., 2007; Andersson & Holmberg, 2002; Asnafi, 
2000; I. Burchitz, 2005; I. A. Burchitz, 2008; Carden, et al., 2002; F. K. Chen & 
Chiu, 2005; F. K. Chen & Ko, 2011; P. Chen & Koç, 2007; Cleveland & Ghosh, 
2002; Dwivedi, Singh, Ram, & Das Talukder, 1986; Dwivedi, Upadhyay, & Das 
Talukder, 1990; Dwivedi, Upadhyay, & Talukder, 1992; Eggertsen & Mattiasson, 
2010; Firat, Kaftanoglu, & Eser, 2008; Forging Industry Association (FIA), 2013; 
Gan, Babu, Kapustka, & Wagoner, 2006; Lee, Kim, Kim, Wenner, & Chung, 2005; 
E. Li, 2013; H. Li, et al., 2011; K. P. Li, Carden, & Wagoner, 2002; Livatyali & 
Altan, 2001; Livatyali, Wu, & Altan, 2002; Ohwue, Yoshida, Shirai, & Kikuma, 
2003; Osman, Shazly, El-Mokaddem, & Wifi, 2010; Panthi, et al., 2010; Panthi, 
Ramakrishnan, Pathak, & Chouhan, 2007; Papeleux & Ponthot, 2002; L. Sun, 2011; 
Tang, Wang, & Li, 2013; Vladimirov, Pietryga, & Reese, 2009; Wagoner, Lim, & 
Lee, 2013; Yuen, 1996). While some involve the formulation of the phenomenon 
(Abdullah, et al., 2012; Asnafi, 2000; I. A. Burchitz, 2008; H. Li, et al., 2011), others 
have got empirical and semi-empirical approaches (Livatyali, et al., 2001; Osman, et 
al., 2010; Panthi, et al., 2007). However, recent studies have mostly implemented 
advanced approximative evaluation techniques, such as finite element method 
(Panthi, et al., 2010; Panthi, et al., 2007; Papeleux, et al., 2002; Vladimirov, et al., 
2009). Through these studies, different types of deformations, such as U-bending, V-
bending and deep-drawing, and different types of materials, such as Al-alloys, 
stainless steels and Ti-alloys have been looked into, and different types of control 
techniques, e.g. stepped blank holder and multiple forming steps, have been 
examined. Also, process parameters, such as Bauschinger effect, friction, contact 
between the part and deformation instruments, stress distribution and material 
models have been investigated. 
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Burchitz (I. A. Burchitz, 2008) has shown that the springback effect of Δθ after 
a bending of θ and a curvature radius of ρ (Figure 4-3) can be calculated by Equation 
4-3. 
     
   
 
    
  
   Equation 4-3 
Where, E denotes the Young’s modulus,   represents the Poisson’s ratio, t is 
the thickness of the plate and M is the bending moment. 
 
Figure 4-3 Definition of parameters in plane strain bending (I. A. Burchitz, 2008) 
He has also provided the following recommendations to ensure the accurate 
prediction of the springback effect using finite element method: 
 An accurate stress state at the end of a deformation can only be obtained if 
an appropriate material model is applied. 
 An appropriate type of element must be used in simulations. The 
approximation of a 3D problem with a 2D plane strain model is not an 
option, since the antielastic bending effects are completely neglected. 
 Either of the dynamic explicit and static implicit schemes can be used in 
springback analysis. However, artificial adaptations of the model that are 
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used to stabilise the convergence of the implicit scheme or to increase the 
time step of the explicit scheme must be applied with caution. For the 
implicit simulation of springback, it is recommended to use a direct solver 
to find the solution of the global system of equations. In the case of 
memory size limitations, an iterative solver can be used in the analysis, 
provided that there is no limit on the amount of the local iterations that 
must be performed to reach the specified accuracy. 
Besides Burchitz, Abdullah et al (Abdullah, et al., 2012) proposed another 
formula, for calculation of springback effect in the bending process of sheet metals 
Equation 4-4. In order to extract this formula, they described the springback as a 
deviation of the sheet after unloading (Figure 4-4). 
 [
 
  
 
 
  
]  
 
  
    
 (
 
  
)
 
 Equation 4-4 
Where, Ri and Rf represent the initial and final radius respectively. T and 
represents the thickness and E denotes the young modulus of the workpiece material. 
 
Figure 4-4 Basic concept of springback measurement, θ (a) unloading and (b) 
loading. (Abdullah, et al., 2012) 
In another case, Osman et al (Osman, et al., 2010) measured the springback by 
the ratio of K, which can be expressed as:  
Finite Element Analysis of Pre-surgical Deformations of Bone Fracture Fixation Plates – 
Part A: Model Development 
 
107 
 
   
  
  
 Equation 4-5 
In this equation,  f and  i denote the final and initial bend angles respectively. 
Through other literature (Asnafi, 2000; H. Li, et al., 2011), different formulas 
have been proposed for calculation of springback. Each of them can be applied for 
springback calculation in a specific bending process under the given conditions. 
However, in many cases, the following simple relation (Equation 4-6) has been used 
for springback measurement (Adamus & Lacki, 2011; Cho, Moon, Moon, & Kang, 
2003; Gan, et al., 2006).   
                         Equation 4-6 
Where,  f denotes the final angle of the part after deformation and  T represents 
the angle of the tool. 
The amount of springback in twist is given by (Dwivedi, et al., 1990): 
          Equation 4-7 
Where    is springback angle,    is the angle before unloading and   is the 
twist angle after unloading (recovered angle). 
In terms of effective parameters, Livatyali and Altan (Livatyali, et al., 2001) 
carried out a series of experiments and proposed the relations of Figure 4-5 between 
process parameters and the results in the flanging process. They also concluded that 
the springback after straight flanging is heavily dependent on die corner radius, 
punch–die clearance, punch nose radius, pad force, and the material type.  
Furthermore, they concluded that material properties heavily affect springback. 
Aluminum, with a three times lower Young’s modulus, has much higher springback 
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than steel. However, when the metal is bent beyond the necking limit, influence of 
the Young’s modulus is reduced (Livatyali, et al., 2001). 
 
Figure 4-5 Results of straight flanging in form of trend-lines (Livatyali, et al., 2001) 
Likewise, Beal et al (Beal, Boyer, & Sanders, 2006) and Odenberger et al 
(Odenberger et al., 2011) noted that titanium metals exhibit a high degree of 
springback in cold forming. To overcome this characteristic, titanium must be 
extensively over-formed or hot-sized after cold forming. Aging or stress-relief 
operations are usually conducted on titanium alloys that are cold-formed. It is done at 
a temperature between 480°C and 650°C in 60 -240 minutes (Beal, et al., 2006). 
Yang et al (H. Yang, Fan, Sun, Guo, & Zhan, 2011) confirmed that titanium alloys 
exhibit large deformation resistance, low elastic modulus and strong anisotropy at 
room temperature. This may result in a large springback and consequently a large 
shape error after cold-forming. 
Also, it is proven that an accurate simulation of the springback effect requires 
the implementation of an appropriate constitutive model, which can describe the 
hardening behavior and the Bauschinger effect (Vladimirov, et al., 2009). Isotropic 
hardening model alone cannot properly simulate the Bauschinger and the springback 
effects (I. A. Burchitz, 2008; Vladimirov, et al., 2009); and the nonlinear kinematic 
hardening model is the most recommended one for modeling the material behavior in 
plastic zone (Firat, et al., 2008; Vladimirov, et al., 2009).  
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4.4. Bauschinger Effect 
Microscopic stress distribution of material during deformation causes a change 
in its stress-strain characteristics that is known as Bauschinger effect. When a sheet 
part is deformed, it is subjected to stretch bending and subsequent unbending. A 
typical deformation path of this type is shown in Figure 4-6. Before the load reversal 
(point A), material hardening happens due to the movement of dislocations and pile 
up at the grain boundaries. When the material passes the bending zone (the region 
between A and B), elastic unloading occurs. It is followed by re-yielding of the 
material and subsequent change in the work-hardening rate. Permanent softening and 
work-hardening stagnation are caused by the dissolution of the dislocation 
microstructure formed before the unbending process, which are is followed by the 
motion of dislocations in another direction and formation of new piled-up structures 
(I. Burchitz, 2005). 
So, the two stages of the Bauschinger effect include (Yoshida & Uemori, 
2003): 
i. The transient Bauschinger deformation characterized by early re-yielding 
and smooth elastic–plastic transition with a rapid change of work-
hardening rate. 
ii. The permanent softening characterized by stress offset observed in a 
region after the transient period. 
The Bauschinger effect mostly occurs at room temperature. Plastic deformation 
(1-5% tensile elongation) at room temperature always introduces a significant loss in 
compressive yield strength, regardless of the initial heat treatment or strength of the 
alloys. At 2% tensile strain, for example, the compressive yield strength of Ti-6Al-
4V drops to less than half of the value for solution-treated material. Increasing the 
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temperature reduces the Bauschinger effect, and full thermal stress-relieving 
completely removes it (Beal, et al., 2006).  
 
Figure 4-6 Stages of the Bauschinger effect during cyclic deformation (Yoshida, et 
al., 2003).  
4.5. Material Model 
Regarding the Bauschinger effect, the correct nonlinearity of stress–strain loop 
is important in order to describe the hardening behavior of metals under cyclic 
loading. Generally, it is believed that the following three basic requirements must be 
addressed to model the Bauschinger effect properly: 
 Correct nonlinearity of stress–strain loop 
 Reduced elastic limit at reversal straining 
 Permanent offset for some materials 
Accordingly, there are three main material models for addressing Bauschinger 
effect over multiple cycles (Chun, Jinn, & Lee, 2002). Table 4-1 summarizes a 
comparison of these models in terms of the named three basic requirements. 
Regarding this table and the previously mentioned studies, ANK is the most 
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recommended material model for simulation of springback effect by finite element 
method in multiple cycle analyses. 
Table 4-1 Representation of Bauschinger effect (Chun, et al., 2002) 
 
Since cyclic analysis is not a part of this study, both Isotropic Nonlinear 
Kinematic Hardening and Anisotropic Nonlinear Kinematic Hardening (ANK) 
material models can be used. Hence, the Isotropic Multilinear Kinematic Hardening 
material model is applied in this study. This model uses the Besseling model, also 
called the sub-layer or overlay model, to characterize the material behavior. Material 
behavior in this model is assumed to be composed of a number of sub-layers or sub-
volumes, all subjected to the same total strain, but with each sub-volume having 
different yield strength. The number of sub-volumes is the same as the number of 
input stress-strain points, and the overall behavior is weighted for each sub-volume 
where the weight is given by Equation 4-8: 
    
     
  
    
 
   
 ∑  
   
   
 Equation 4-8 
where ETK is the tangent modulus for segment of the stress-strain curve.  
The behavior of each sub-volume is elastic-perfectly plastic, with uniaxial 
yield stress for each sub-volume given by Equation 4-9: 
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 (   )
(     (    )  ) Equation 4-9 
Where (Ɛk,  k) is the input stress-strain point for sub-volume k.  
The default yield surface is the Von Mises surface. Each sub-volume yields at a 
stress equal to the sub-volume uniaxial yield stress. A Hill yield criterion can be used 
in which each sub-volume yields according to the Hill criterion with the sub-volume 
uniaxial yield as the isotropic yield stress and the sub-volume anisotropic yield 
condition determined by the Hill surface. The sub-volumes undergo kinematic 
hardening with an associated flow rule and the plastic strain increment for each sub-
volume is the same as that for bilinear kinematic hardening. The total plastic strain is 
given by Equation 4-10: 
      ∑     
  
   
   
 Equation 4-10 
where Nsv is the number of sub-volumes and    
  
  is the sub-volume plastic 
strain increment. 
4.6. Stress Concentration 
When a large stress gradient occurs in a small, localized area of a structure, the 
high stress is referred to as a Stress Concentration (Young, Budynas, & Sadegh, 
2012) and measured by a stress concentration factor. The presence of shoulders, 
grooves, holes, keyways, threads, and so on, results in stress concentration (Pilkey & 
Pilkey, 2008). The stress concentration factor, K, can be defined as the ratio of peak 
stress in the body (or stress in the perturbed region) to other stress (or stresslike 
quantity) taken as a reference stress (Pilkey, et al., 2008): 
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                      (                  ) Equation 4-11 
     
    
    
                                  (       ) Equation 4-12 
In these equations, the stresses      and      represent the maximum stresses 
to be expected in the member under the actual loads and the nominal stresses      
and      are reference normal and shear stresses. The stress concentration factors 
mentioned in Equation 4-11 and Equation 4-12 are theoretical. That is to say, the 
peak stress in the body is based on the theory of elasticity, or it is derived from a 
laboratory stress analysis experiment. In a plate with single hole (Figure 4-7) stress 
concentration factor with the nominal stress based on net area,   , is calculated by 
Equation 4-13. 
 
Figure 4-7 Stress concentration in plate with a single hole (Pilkey, et al., 2008) 
     
    
 
(  
 
 
) Equation 4-13 
Where σ is the stress on cross section far from the hole,      is the maximum 
stress at the edge of the hole, d is the diameter of the hole and H is the width of the 
plate. In this formula, 
    
 
 is named as the stress concentration factor based on gross 
stress (    ). 
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 Equation 4-14 
Values of     and     are studied and provided through technical charts. 
Figure 4-8 shows a typical chart used for calculation of stress concentration factors 
of     and     for the tension of a plate with a single hole. Similar charts are 
available for the other types of stress concentrators. 
 
Figure 4-8 Stress concentration factors of     and     for tension of a finite-width in 
element with a circular hole (Howland 1929–1930) (Pilkey, et al., 2008). 
If the size of stress concentration is small in comparison with the overall size of 
the workpiece, it is called Local Stress Concentration because its effect is limited to a 
small region. If more than one stress concentration happens at the same time, the 
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overall concentration factor is obtained from the multiplication of all factors. Stress 
concentrations of different shapes, e.g. notch and hole, are different. If the stress 
raiser includes a complex figure, the general relation of the equation dominates in the 
calculation of the stress concentration. 
    (       )                Equation 4-15 
For example, in Figure 4-9, which includes circular and elliptical stress raisers, 
the stress concentration is calculated by Equation 4-16 which acknowledges 
Equation 4-15. 
 
Figure 4-9 Combination of two stress raisers including a circular and an elliptical 
hole (Pilkey, et al., 2008) 
            (       )√  
 
 
(
 
 
)
 
 Equation 4-16 
For three-dimensional problems, many parameters including body shape, 
loading and material properties play a role and there is no simple relationship 
showing the stress distribution. It becomes more complicated when the problem is 
asymmetric. 
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Application of stress concentration factors in analysis and design is not as easy 
as the theoretical basis for determination of the factors. Theories are based on 
formulations that include assumptions such as isotropic and homogeneous material 
properties. However, in practice, materials may be neither uniform nor 
homogeneous, and they may even have defects. Directional effects in materials must 
be taken into account as well. Since it is very hard to include all parameters, 
reasonable approximations should be made through design procedure, tending 
toward the safe side in doubtful cases.  
4.7. General Procedure of Finite Element Method (FEM) 
The macro flowchart of Figure 4-10 is followed in analysis of a static solid 
mechanics problem by the finite element method (G. R. Liu & Nguyen, 2010) and is 
tried to solve the Equation 4-17 (Tekkaya & Martins, 2009). Details of each step and 
related equations are explained in the given references and in the similar resources.  
 
    
   
   Equation 4-17 
Where  ij denotes the true stress tensor and xj the Cartesian coordinates. This 
equation can be solved by employing different calculation methods. Any calculation 
method ends in a specific group of equations and then forms a specific solution 
procedure. For example, if it follows Equation 4-18, it forms the implicit solution 
technique. Similarly, the explicit technique is derived from Equation 4-19 (Tekkaya, 
et al., 2009). 
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Figure 4-10 Macro flowchart of basic FEM procedure (G. R. Liu, et al., 2010) 
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Equation 4-19 
 
Where i is iteration number, R is the residual force vector, t is time, F is the 
generalized force vector and u is the displacement or velocity. According to the 
principles, the finite element method provides an approximate solution by iteration of 
the solution (Zienkiewicz, Taylor, & Zhu, 2005). With respect to Equation 4-18 and 
Equation 4-19, time and velocity/displacement increments (Δt and Δu) play an 
important role in the number of iterations and overall time of analysis. On the other 
hand, increments affect the accuracy of approximation. It means that the user should 
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balance the analysis regarding the accuracy and computation time. In total, the 
solution can be optimized regarding the problem and solution factors. Both aspects 
are discussed in the following sections. 
4.8. Finite Element Model 
Solving a structural problem using the finite element method includes the three 
steps of preprocessing, solution, and postprocessing (Onate, 2009). In the 
preprocessing step, material properties, geometric model, supports, loading, analysis 
steps and sub-steps, solving method and iteration are defined. The solution step 
includes obtaining the stiffness matrices and load vectors, calculation of 
displacement variables, evaluation of stresses and strains for each element and 
analysis of the reactions at nodes restrained against movement. Results are 
interpreted and presented graphically in the postprocessing step after a successful 
solution. Accuracy and precision of the results are directly affected by optimal 
selection of the preprocessing parameters. In this study, these parameters are defined 
regarding the surgical practices, engineering recommendations and other technical 
considerations such as standard material properties advised for bone plates and 
optimum performance of the FEM software. These parameters are introduced 
through the coming sections. The names of the sections are based on the modules of 
the FEA software.  
4.8.1. Software Used in the Current Research 
CAD models of the study are generated in Solidworks 2011, and then exported 
into the finite element analysis software, ANSYS workbench 13.0, 14.0 and later 
14.5. 
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4.8.2. Material Model and Material Properties 
Currently, annealed and Cold-Worked stainless steel 316L and Ti-6Al-4V have 
the most application in manufacturing orthopaedic bone plates (Malekani, et al., 
2012) and therefore their material properties have been applied in the numerical 
simulations of the given deformations through the current thesis. ASTM F136-08 
(ASTM, 2003a) and ASTM F138-08 (ASTM, 2003b) have recommended the 
material properties of Figure 4-11 and Table 4-2 for these materials.  
 
Figure 4-11 Multilinear stress-strain curves of Annealed stainless steel 316L, Cold-
worked Stainless Steel 316L and Ti-6Al-4V extracted from the standards of ASTM 
F136-08 and ASTM F138-08  
Table 4-2 Material properties of Annealed stainless steel 316L, Cold-worked Stainless Steel 316L and 
Ti-6Al-4V (ASTM, 2003a, 2003b) 
 
As mentioned in section 4.4, these materials are modeled by the Isotropic 
Multilinear Kinematic Hardening material model. 
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4.8.3. Geometry 
A Medial Distal Tibia and a straight plate with the specifications of Table 4-3 
are used as cases of the study.  
Table 4-3 Specifications of the fracture fixation plates used in this thesis 
 
The configurations of these plates are shown in Figure 4-12. 
 
Figure 4-12 Schematic view of distal tibial and straight plates (without scale) 
Current fracture fixation plates are typically asymmetric and geometrically 
irregular, because they are usually preshaped regarding the underlying bone. 
Therefore, it is necessary to model the problems of the current study three-
dimensionally. Regarding the complexity of the above-mentioned geometries, it is 
not feasible to generate the geometric models in ANSYS, and both geometric models 
are made in Solidworks CAD software and then imported into ANSYS. The CAD 
Finite Element Analysis of Pre-surgical Deformations of Bone Fracture Fixation Plates – 
Part A: Model Development 
 
121 
 
models were imported from previous studies by Dr Schmutz and Professor Schuetz, 
the supervisory team members of the thesis, on tibia bone plates. 
4.8.4. Analysis Settings 
In structural analysis by ANSYS, the term of Analysis Settings refers to the 
Supports, Loading, Step Controls, Solver Controls, and so on. They are defined as 
follows: 
4.8.4.1. Supports 
Schmutz et al (Harith, et al., 2011; Schmutz, et al., 2008; Schmutz, et al., 2011) 
have proposed four fitting criteria for distal tibial plate when the plate does not fit to 
the underlying bone (Figure 4-13). These criteria are mostly used for definition of the 
Loading surfaces and Fixed supports. While they are defined regarding the fit 
assessment of distal tibial plates, they differ in detail in any simulation.  
 
Figure 4-13 Correct surgical alignment of the plate undersurface. The plate is 
represented by the colour-coded map of the deviations (Schmutz, et al., 2011) 
Fit assessment studies are performed through another PhD thesis conducted in 
parallel with the present thesis and administrated by the same supervisory team. 
Exact details of each deformation are given in the next sections accordingly.  
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4.8.4.2. Loading 
Generally, in FEM software a bending process can be simulated by inserting a 
Displacement, a Force or an appropriate Moment. In this study, it is done by 
applying moment because, technically, studying springback effect by applying a 
displacement is not doable, and in practice, the plates are deformed by applying a 
moment during orthopaedic surgery. In other words, applying a moment, instead of a 
force, provides closer approximation of the procedure. 
The developer of ANSYS recommends to perform the springback simulations  
in three steps of Preparation, Loading and Unloading (ANSYS Inc., 2010). The 
Preparation step is part of the simulation for extracting the data of the model at the 
beginning of the Loading step. In the Loading step, the moment of any given 
deflection is obtained through a trial-and-error (optimization) procedure. Loading 
and Unloading steps include multiple sub-steps of load increments, which are 
controlled by the program automatically. 
4.8.4.3. Solver Type 
Most metal forming processes happen in low rate, and the inertia contributions 
are negligible (Onate & Saracibar, 1992). Therefore, they are considered quasi-static 
in finite element analysis. Deformation of bone fracture fixation plates during 
surgery is categorized in this kind of metal forming, and therefore is considered 
semi-static. 
Although some researchers (Rebelo, Nagtegaal, Taylor, & Passmann, 1992; 
Soltani, Mattiasson, & Samuelsson, 1994) believe that the results of implicit and 
explicit solutions are in good agreement in quasi-static analysis, others (Onate, et al., 
1992) believe that implicit codes can provide a more suitable procedure for effective 
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analysis of metal forming problems. It is believed that the static implicit method with 
large time increments is much more efficient computationally (I. A. Burchitz, 2008). 
When the static implicit FE procedure is used for such analysis, the following 
equilibrium equation must be satisfied at every incremental step (I. A. Burchitz, 
2008): 
 { } {  } {  
   } { 
 
   } Equation 4-20 
where, the subscript n denotes the incremental step number, {  
   } and {  
   } 
are the internal and external force vectors respectively and {  } is the vector of the 
residual forces. The set of discrete equilibrium Equation 4-20 is generally nonlinear 
in the nodal displacements {  }. Thus, to find the vector of the nodal displacements 
at the current step, Equation 4-20 is usually solved using the iterative Newton-
Raphson procedure. In the Newton method the iterative displacement increments 
{   } are found from Equation 4-21: 
 [  ]{   }  {  } Equation 4-21 
where k is the iteration number and [K] is the tangent stiffness matrix. The 
calculated iterative displacement increments are used to update the displacement 
vector of the current step: 
 {    } {  } {   } Equation 4-22 
The iterative solution procedure is stopped if, in iteration k, the ratio of    
norms is less than some predefined value ε: 
 
‖{rk}‖2
‖{f
k
int}‖
2
 εk ε Equation 4-23 
Two groups of methods can be used to solve the linear system of Equation 4-21 
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i.e. direct solvers and iterative solvers. Direct solvers are mostly based on Gaussian 
elimination. These methods can find a very accurate solution of a linear system of 
equations. A high memory requirement in large scale FE simulations is the major 
drawback of the modern direct solvers. However, a direct solver is preferred for 
accurate simulation of the springback effect. If an iterative solution method is 
necessarily employed due to memory size limitations, it is important that the solver 
be allowed to use a sufficiently high number of local iterations to reach the specified 
accuracy (I. A. Burchitz, 2008). 
All in all, since analysis of springback effect is highly important in the current 
project, implicit method of analysis is more suitable. 
4.8.4.4. Mesh Configuration 
In analysis by finite element method, the geometric model is divided into 
thousands of small regions called Element. Each element is bounded by some Nodes. 
Total number of nodes, degrees of freedom and the formulation of each node define 
the properties of any element. So far, numerous types of elements have been 
developed to perform different types of finite element analyses. Accurate selection of 
element type directly affects the results (Ramos & Simoes, 2006; Walz, Fulton, & 
Cyrus, 1968) and therefore, it is highly important to select the correct element.  
The element of Structural SOLID186 has been applied in this study. 
SOLID186 is a high order 3D 20-node solid element with three degrees of freedom 
on each node: translations in the nodal x, y, and z directions (ANSYS® Academic 
Research, 2013). The element supports plasticity, hyperelasticity, creep, stress 
stiffening, large deflection, and large strain capabilities. SOLID186 is well suited in 
modelling irregular meshes. The element may have any spatial orientation. The 
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geometry, node locations, and the element coordinate system of this element are 
shown in Figure 4-14. 
 
Figure 4-14 Geometry of SOLID186 Structural Solid element (ANSYS® Academic 
Research, 2013) 
The following shape functions are used in the cubic type of this element. The 
manual of ANSYS (ANSYS® Academic Research, 2013) has explained similar 
formulas for the tetrahedral, pyramid and prism options of this element. 
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w 
1
8
(wI(1 s)  (analogous to u) Equation 4-26 
In Solid186 element, the loads are described in both nodes and elements. 
Pressures may be input as surface loads on the element faces as shown by the circled 
numbers on Figure 4-14. Positive pressures act into the element, and temperatures 
may be input as element body loads at the nodes. SOLID186 uses the uniform 
reduced integration method or the full integration method, as follows: 
 Uniform reduced integration method, which helps to prevent volumetric 
mesh locking in nearly incompressible cases. However, the hourglass 
mode might propagate in the model if there are not at least two layers of 
elements in each direction. 
 Full integration, which is used primarily for purely linear analyses, or 
when the model has only one layer of elements in each direction. The full 
integration method does not cause hourglass mode, but can cause 
volumetric locking in nearly incompressible cases. 
In case of application, the following assumptions and restrictions are 
considered for Structural SOLID186 (ANSYS® Academic Research, 2013):  
 The element must not have a zero volume. Also, the element may not be 
twisted such that the element has two separate volumes (which occur most 
frequently when the element is not numbered properly). 
 An edge with a removed midside node implies that the displacement varies 
linearly, rather than parabolically, along that edge. 
 Use at least two elements in each direction to avoid hourglass mode if 
uniform reduced integration is used. 
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 When degenerated into a tetrahedron, wedge, or pyramid element shape, 
the corresponding degenerated shape functions are used. Degeneration to a 
pyramidal form should be used with caution. The element sizes, when 
degenerated, should be small enough to minimize the stress gradients. 
Pyramid elements are best used as filler elements or in meshing transition 
zones. 
 Stress stiffening is always included in geometrically nonlinear analyses. It 
is ignored in geometrically linear analyses. 
In the earlier versions of ANSYS, elements were chosen from the graphical 
menu or by the command of “ET”, but this is done automatically in ANSYS 
workbench. Regarding the experience of working with ANSYS Workbench in the 
past few years, the proposed elements by this software work well most of the time. 
However, it can be changed by inputting the abovementioned command in necessity. 
In this project it was not necessary to change the element type. 
Besides the element type, the size of each element plays an important part in 
the accuracy and the computational time of analyses. A bigger element reduces the 
computational time. However it reduces the precision of analysis as well. It even can 
cause convergence problems if it is not defined appropriately (G. R. Liu, et al., 2010; 
Tekkaya, et al., 2009). In iterative solution of a system of equations, convergence 
error is defined as the difference between current iterate and the exact solution of the 
discretized equations (Ferziger & Peric, 1996). Convergence can be estimated 
accurately from data generated during an iteration process and is the best stopping 
criterion for an iterative process (Ferziger, et al., 1996). In ANSYS and other FEM 
software tools when the convergence error is too big the software fails the solution 
and shows an error message. It usually happens in sharp edges and inflections. A 
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sudden change in stiffness or sudden change in load can cause convergence problems 
as well (Venkatesh, Prakash, & Srinivasa Murthy, 2013). Tolerances of acceptable 
convergence errors, time increments, solution sub-steps, number of iteration and 
mesh configuration are the most important parameter effect in such failures. The 
quality of mesh configuration can be checked by the feature of Mesh Metric in the 
recent versions of ANSYS, and the other parameters can be controlled from the 
menu of Analysis Setting. 
In the present study, solution of the finite element model was tried with 140K 
elements initially; but it failed. As a solution, the meshing was refined and then the 
model was successfully run with 333K nodes and 227K elements. Since this solution 
worked, all later models were simulated with similar settings. 
4.8.4.5. Number of Analysis Steps 
In some cases, such as springback effect studies, finite element analysis should 
be inevitably performed in several steps because the problem includes multiple 
consecutive steps of loading and unloading. Generally, it is advised to perform finite 
element analyses in a single step whenever it can be done, in either one step or 
multiple steps. Performing a single step analysis in several steps decreases the 
performance, i.e. does not improve the accuracy but increases the computational 
time. It should be noted that there is a close concept in ANSYS, named sub-step. A 
setting of sub-step, which defines the number of increments during solution, is used 
when a user needs to define the number of increments manually. 
4.8.4.6. Large Deformation 
Some references (Bertram, 2011) note that large deformation happens 
whenever the strain is over 10% or the rotation is over 10°; but some others 
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(Hollister, 2002) refer to the strain of greater than 5% for introduction of large 
deformations. However, all of them agree that the deformation is small when the 
strain-displacement relations are linear (Dixit & Dixit, 2008; Hollister, 2002), and it 
is large deformation if the mentioned relations become nonlinear (Dixit, et al., 2008; 
Hollister, 2002; Venkatesh, et al., 2013). 
Change in volume is assumed to be negligible in small deformations (Hollister, 
2002). For structural mechanics problems under large deformations, the stiffness 
changes with deformation and thus makes the problem non-linear (Venkatesh, et al., 
2013). Enabling or disabling the parameter of Large Deformation in ANSYS does 
not notably affect the accuracy of the results when the problem involves small 
deformation. It increases the computational time drastically, but the user has to 
enable it in the problems of large deformations such as extrusion and deep-drawing, 
otherwise the results will be totally wrong. In the case of the problems posed in the 
current thesis, it has been determined through trials that the changes in results are 
less than 1% when the Large Deformation parameter is enabled or disabled. Since 
this difference is negligible, all deformations are performed in small deformation 
mode to save in computational time. 
4.8.4.7. Program-Controlled Parameters 
There are many parameters defined automatically by ANSYS. While advanced 
users can define these parameters manually it is not advised for basic and 
intermediate users. Program-Controlled parameters are becoming more in newer 
versions and it is easier to work with the recent versions of the software. However, 
automatically defined parameters are a major source of errors and it is not easy to 
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resolve such errors. In total it is advised to gain the necessary scientific and technical 
knowledge of working with this software in any field in which the software is used. 
4.8.4.8. Operating System and Allocated Memory 
The ANSYS program requires a computing resource demand that spans every 
major component of hardware capability. Equation solvers that drive the simulation 
capability of Workbench and ANSYS analyses are computationally intensive, require 
large amounts of physical memory, and produce very large files which demand I/O 
capacity and speed (ANSYS Inc., 2007). The software developer, manufacturers of 
computer accessories and also researchers in this field, have conducted numerous 
studies to find out how to obtain an optimal performance during running of the 
ANSYS software (ANSYS Inc., 2007; Barbara Hutchings, 2007; Bernstein, 2008; 
Katajisto, 1999; Schreiber, Shaw, & Beisheim, 2010). As a result, they regularly 
advise of the hardware requirements and the appropriate settings for each version of 
the software, Operating System and the workstation.  For example, the company 
ANSYS has recently proven that the speed of core solver and its efficiency can be 
improved up to 8.83 times and 90% in order, with a specific type of processor and by 
applying suitable changes in settings of the software and workstation (ANSYS Inc., 
2013). 
In total, while the users of this software need to apply the appropriate settings 
in order to achieve the optimal settings, it is recommended to do it very carefully as 
the software gives a lot of errors, e.g. memory errors, if the changes are not applied 
appropriately. 
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4.9. Validation of the FEA Model  
Validation is substantiating that the model, within its domain of applicability, 
behaves with satisfactory accuracy consistent with the objectives of modelling and 
simulation (Balci, 1997; Dee, 1995). It does not necessarily denote an establishment 
of truth, but rather ‘‘the establishment of legitimacy, typically given in terms of 
contracts, arguments and methods’’. Since the term of verification is ‘‘an assertion or 
establishment of truth’’, validation is weaker than verification. However, the 
predictive (engineering) models should be validated or invalidated in terms of 
engineering performance testing and cannot be verified (Balci, 1998; Oreskes, 
Shrader-Frechette, & Belitz, 1994; Refsgaard & Henriksen, 2004). Some believe that  
benchmarking is the best practice of validating numerical models (Oreskes, et al., 
1994) because it has more practical or industrial utility than academic/research 
(Anand & Kodali, 2008). However, other types of verification and validation (V&V) 
tests (Balci, 1997, 1998) are also frequently practiced for examining the applicability 
and accuracy of M&S. 
A desk-check test of the FE model, comparison test and experimental model 
are used in this research. Desk-checking (also known as Self-Inspection) is the 
process of thoroughly examining one’s work to ensure correctness, completeness, 
consistency and clarity. It is considered to be the very first step in V&V and is 
particularly useful for the early stages of development (Balci, 1998). Desk checking 
can involve syntax review, cross-reference examination, controlling flowchart 
analysis, reverse simulation and so on. To be effective, desk checking should be 
conducted carefully and thoroughly, preferably by someone not involved in the 
actual development of the product or document, because it is usually difficult to see 
one’s own errors (Adrion, Branstad, & Cherniavsky, 1982). 
Finite Element Analysis of Pre-surgical Deformations of Bone Fracture Fixation Plates – 
Part A: Model Development 
 
132 
 
A comparison test (also known as back-to-back test) may be used when more 
than one version of a simulation model representing the same system is available for 
testing. All versions of the simulation model, built to represent exactly the same 
system, are run with the same input data and the model outputs are compared. 
Differences in the outputs reveal problems with model accuracy (Balci, 1998). 
Through comparison testing, the results of current simulations are compared with 
former similar studies. Experimentation can be performed for several purposes 
including training, comparison of different operating policies, evaluation of system 
behaviour, sensitivity analysis, forecasting, optimization and determination of 
functional relations (Balci, 1998). However, it is used for credibility assessment in 
this research. 
The results of the preliminary FEA were compared with former similar studies 
and with the experimental model validate the models of the current thesis. 
Experimental models included the mechanical test of distal tibial plates regarding the 
standard methods (if existed). ISO, ASTM and BSI standard institutes have provided 
a method for examination of bone fracture fixation plates (ASTM International, 
2008; British Standards Institute (BSI), 1991; International Organization for 
Standardization (ISO), 1990). The standard of BSI, named BS 3531-23.1:1991, is an 
exact copy of ISO 9585:1990. ISO 9585:1990 and ASTM F382-99 standards follow 
similar theoretical concepts, but they are different in procedure. Both standards 
advise a four point bending test. A schematic view of the test setup is shown in 
Figure 4-15. 
The test rig was designed using Solidworks CAD software according to ISO 
9585 and made in the manufacturing workshop at QUT. It was assembled on an 
Instron 5569 tensile test machine and the plate was positioned as Figure 4-16. 
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Figure 4-15 Schematic view of the four point bending test; A: General arrangement 
of Four-point bending test advised by ISO 9585 (International Organization for 
Standardization (ISO), 1990); B: the dimensions applied in the current research 
 
Figure 4-16 Experimental setup of the four point bending validation test 
Then the plate was bent by moving the loading cylinders (shown in Figure 
4-15) down for 6mm. The load-deflection curves were recorded by means of Instron 
Bluehill Software. Later, the experiment was simulated by the finite element method. 
Figure 4-17 shows the force-deflection curves of the experiment (blue color) and the 
FEA results (red color). Details of the FEA are given in previous sections. It was 
found that the Root mean square error (RMSE) of the curves is 41.81N which differs 
less than 4.0%.  
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Figure 4-17 Force-Deflection diagram of four-point-bending test of Stainless Steel 
316L distal tibial plate attained from the experimental validation tests and FEM 
simulations 
Besides the comparison of the Load-Deflection results (Figure 4-17), bending 
angles of the plate (after removing the load) were assessed. Profiles of the bent plates 
were imported into the drawing module of Solidworks software and the bending 
angles were measured by guidelines along the edges of the plate (Figure 4-18). 
 
Figure 4-18 Shape of the distal tibial plate after four point bending test 
As shown in Figure 4-18, there is a difference of 0.71° between the experiment 
and the FEA, which proves that there is a good agreement between the results of the 
finite element simulations and the experiments. 
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For the experimental validation of torsional deformation, there is no available 
standard method, and therefore the experimental setup was based on the realistic 
torsional deformations of fracture fixation plates. The plate was twisted by an Instron 
8874 Axial-Torsion Fatigue Testing machine and then the same conditions were 
simulated by FEA using an ANSYS workbench. Experimental results were generated 
by Bluehill®2 Static Software and were comparatively analysed using Microsoft 
EXCEL software. The setup of this experiment is shown in Figure 4-19 and the 
Torque-Torsion curves are given in Figure 4-20. 
 
Figure 4-19 Experimental setup of torsional validation test 
As shown in Figure 4-20, the torque of 7.04N.m has provided maximum 
torsion of 3.4 degrees in practice and the torsion of 3.5 degrees was attained by the 
torque of 6.95N.m in FEA. Root mean square error (RMSE) of the curves is 
0.053N.m which differs less than 1.0%. The good agreement between the results of 
simulations and experiments proves that the numerical model works accurately. 
Comparison of the results with former studies (Cesarone & Disegi, 1994; 
DeTora & Kraus, 2008; Fujihara, et al., 2003; Oh, et al., 2010; Strom, Garcia, 
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Jandrey, Huber, & Stover, 2010; Zahn et al., 2008) shows 100% compatibility of 
results (including Bending structural stiffness and Bending strength) of the bone 
plate (Figure 4-21) and confirms the accuracy of the finite element models of the 
current study. 
 
Figure 4-20 Torque-Torsional degree curves of the torsion test of Stainless Steel 
316L distal tibial plate 
 
Figure 4-21 Comparison of Bending strength and Bending Structural Stiffness of the 
current study with similar ones of a former published result (DeTora, et al., 2008) 
Similarly, in the case of springback effect, the results of the current research 
are in agreement with former studies. This research acknowledges that: 
 Springback effect increases as the thickness of the material decreases 
(Livatyali, et al., 2001; Ohwue, et al., 2003). 
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 Springback effect decreases as the bending/torsion radius increases 
(Asnafi, 2000; Carden, et al., 2002; Livatyali, et al., 2001; Osman, et al., 
2010). 
 Material properties heavily influence the springback effect (Livatyali, et 
al., 2001). 
 Comparing with other metals, titanium alloys involve a large amount of 
springback effect (Adamus, et al., 2011; Odenberger, et al., 2011; H. 
Yang, et al., 2011). Low modulus of elasticity plays a key part in this 
characteristic (Adamus, et al., 2011).  
4.10. FEA Results and Discussions 
4.10.1. Preliminary Analysis 
It is seen that FE software faces with surface detection problems during 
importation of complex CAD models into FE software (Blecha, et al., 2005). A 
similar problem happened in the current research when the CAD model of distal 
tibial plate was imported from SOLIDWORKS software into ANSYS (Figure 4-22). 
Several solutions, such as different file formats and interface software like 
PATRAN, were tried and the problem was finally solved. Latest versions of both 
CAD and FEM software were employed and the default file format of ‘sldprt’ for 
Solidworks software was applied. The analyses were run in ANSYS workbench 
12.0
1
 software and the results were extracted from ANSYS Classic (Mechanical 
APDL) through necessity. 
                                                                
1
 Later, newer versions of ANSYS were tried. Recently all simulations were 
conducted by ANSYS Workbench 14.5  
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Figure 4-22 Surface errors in the model of distal tibial plate after importing the 
geometric model from CAD software 
Preliminary analysis was conducted to ensure the performance of the model 
and smooth data transfer into the fit assessment project. Through this step, all 
probable errors were solved; the experimental validation test was simulated, and 
typical results of the finite element analysis were exported into the fit assessment 
software, namely MATLAB. Figure 4-23 shows a typical undersurface geometric 
model generated by MATLAB software using the results of FEM simulations.  
 
Figure 4-23 Re-generated model of the under-surface of distal tibial plate before and 
after deformation 
Regarding the satisfactory results of preliminary analysis, the Comprehensive 
FEA was performed afterward. Comprehensive FEA is discussed in the next chapter. 
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4.11. Summary 
In this chapter the second phase of the thesis was introduced and the first two 
steps of the phase were detailed. The theoretical and technical backgrounds of the 
topic as well as the details of the finite element model of the project were provided. 
Validation of the finite element model was explained and it was concluded that the 
results of the current finite element model is in a good agreement with the former 
studies and experimental results. In the next chapter, the step of the Comprehensive 
Finite Element Analysis is discussed. 
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Chapter 5:  Finite Element Analysis of Pre-surgical Deformations of 
Bone Fracture Fixation Plates – Part B: Comprehensive FEA 
5.1. Introduction 
The Comprehensive FEA step includes the analysis of the springback effect in 
bending and twisting of fracture fixation plates, thresholds of bending and twisting in 
terms of mechanical strength of the plates, stress concentration and deformation 
safety. Simulations of the necessary deformations for attaining the acceptable fitting 
have been performed in this step as well. These topics will be discussed in the 
sections to follow. 
5.2. Springback Effect of Pre-surgical Bending of Fracture Fixation Plates 
In this study, the Equation 5-1 is used for calculation of the springback effect 
in the bending of fracture fixation plates:  
  Se 100 (1 
hf
hi
) Equation 5-1 
Where,     denotes the percentage of the springback effect.    is the plate 
deflection before unloading and    is the deflection after unloading. Figure 5-1 
shows the concepts of this equation. 
 
Figure 5-1 Configuration of the bone plate at the end of loading and unloading steps 
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Figure 5-2 shows the springback values when the distal tibial plate is bent 4mm 
(  ) in the proximal end and the straight plate is bent under the same conditions on 
either of the ends. 
 
Figure 5-2 Springback effect of distal tibial and straight plates at proximal end due to 
bending 
This figure determines that: 
 Springback effects of the given deformations vary in the range of 10% to 
55%. It is 10%-20% for the annealed stainless steel, 30%-40% for the 
cold-worked stainless steel and 40-55% for the Ti-alloy plates. On 
average, the springback effects of CW SS316L and Ti-6Al-4V plates are 
respectively 2.3 and 3.2 times more than the ones of A SS316L. 
 Ti-6Al-4V plates show the highest springback and need to be over-bent 
more than the other two types of the plates. This result is in agreement 
with the findings of the former studies (Adamus, et al., 2011; Odenberger, 
et al., 2011; H. Yang, et al., 2011). Regarding the current study, the 
annealed stainless steel distal tibial plate has to be over-bent 0.8mm to 
attain         ; while the plates of cold-worked stainless steel and Ti-
alloy have to be over-bent 2.3mm and 4.3mm in order. 
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 There is a notable difference between the springback effect of SS316L CW 
and Ti-6Al-4V despite a close yield stress (693MPa compared to 
793MPa), ultimate tensile stress (860MPa compared to 862MPa) and 
elongation ratio (12% compared to 10%). As stated by the previous studies 
(Abdullah, et al., 2012; Livatyali, et al., 2001; Panthi, et al., 2010; 
Semiatin, 2006), such a difference stems from the significant difference 
(75%) in the elastic modulus of these biomaterials (Adamus, et al., 2011). 
The current study reveals that the springback effect of the Ti-alloy bone 
plates is 1.4 times more than CW stainless steel plates in total. 
 Despite similar physical properties and close modulus of elasticity, there is 
a considerable difference between the springback effect of SS316L CW 
and annealed SS316L. It is caused by the large difference in mechanical 
properties, including yield stress (192MPa compared to 693MPa), ultimate 
tensile stress (482MPa compared to 860MPa) and elongation ratio (40% 
compared to 12%). This result has been acknowledged by the previous 
findings (Abdullah, et al., 2012; Ohwue, et al., 2003; Panthi, et al., 2010). 
The results of the current study show that, roughly, the springback effect 
of CW SS316L is 2.3 times more than A SS316L plates. 
 In average, the springback effect of the 5mm-thick straight tibial plate was 
≈20  lower than the 3.5 mm thick distal tibial plate.  
Semiatin (Semiatin, 2006) and Yarlagadda (Yarlagadda, et al., 1993) have 
explained that when the bend curvature increases, the stress in each zone (Semiatin, 
2006) and the position of the neural band (Yarlagadda, et al., 1993) change 
continuously, and therefore the balance of the elastic and the plastic stresses changes 
accordingly. Thickness of the elastic core is independent from the overall thickness 
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of the specimen. Thus, in bending a plate of the same material with the same 
curvature radius, the fraction of 
            
                 
 becomes smaller when the overall 
thickness increases (Semiatin, 2006). Consequently, the springback effect decreases 
when the thickness of specimen increases. Figure 5-3 and Figure 5-4, which state the 
changes in the springback effect in different deflections, affirm the results of the 
Figure 5-2. These two figures also demonstrate that the springback effect decreases 
when the bending angle increases, i.e. bending radius decreases. Previous studies 
(Panthi, et al., 2007; Semiatin, 2006) have noted Equation 5-2 (Semiatin, 2006) for 
the relation between the thickness of the elastic band, C, modulus of elasticity, E, 
yield strength,   , and the bending radius,   ,. 
 
Figure 5-3 Change in the springback effect through bending the proximal end of the 
distal tibial plate 
 
Figure 5-4 Change in springback effect through bending straight bone plate 
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      (
  
 
) Equation 5-2 
When the bone plate is bent more, the radius of curvature,  , decreases, and 
therefore the thickness of the elastic core decreases. Consequently, the fraction of  
            
                 
 becomes smaller and the springback effect decreases. 
Regarding the FEA results, the trendlines of the springback effect in relation to 
the deflection value for each plate and material were extracted and was found that 
generally a third degree polynomial descending trendline fits well to the extracted 
Springback-Deflection curves and can be effectively used in the prediction of this 
phenomenon. The fitting trendlines of the deformations of the distal tibial and 
straight tibial plates are provided in Figure 5-3 and Figure 5-4. Similar ones can be 
extracted for the other fracture fixation plates. 
5.3. Safety of the Pre-surgical Bending of Bone Plates 
The distal tibial plate was bent 2mm in the distal end and 4mm in the proximal 
tip. The distances between the Fixed Supports and the Loading Areas, which are 
named X and Y, are shown in the Figure 5-5. Similar boundary conditions were 
applied to the straight plate. 
 
Figure 5-5 Loading details in simulations of distal tibial plate 
The analyses determined that the FS of bending the annealed SS 316L bone 
plates is reasonably high (Table 5-1); but the cold-worked (CW) SS 316L and Ti-
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6Al-4V plates are more likely to be failed during bending. Since in practice it is not 
easy to control all the deformation conditions as precisely as the virtual simulations, 
the failure risk of these biomaterials is high.  
Table 5-1 Safety factor of 4mm bending of distal tibial (proximal end) and straight plates 
 
Hence, a reasonably high theoretical FS has to be considered for these 
deformations. In this thesis, the distance of X, in Figure 5-5, was increased and the 
deflection of   , in Figure 5-1, was decreased gradually to increase the deformation 
safety. However, it was found that the FS does not change notably. A 4mm bending 
of the SS 316L CW straight plate with X=46mm, gave a FS of 1.13, which is only 
17% higher than the one of X=28mm. In the same way, when it was bent 2.0mm 
with x=46mm, the FS of 1.21 was attained. It shows that another factor, naming 
Stress Concentration, plays a role besides these parameters. Simulation of the 
bending process on the distal tip of the distal tibial plate (Figure 5-6) acknowledges 
the results on the proximal end. Regarding the FEA results and according to the 
previous chapter, stress concentration happens at the locations of the threads and the 
holes of the fracture fixation plates. Its effect is more severe in the thinner parts of 
the plate, i.e. the distal tip of the distal tibial plate. 
Generally, in the bending of Ti-6Al-4V and SS 316L (CW) plates in both distal 
and proximal tips, the stress concentration is more obvious than annealed SS316L 
because they have to be overbent 2.3-3.5 times more in order to compensate their 
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high springback effects. So, bending these plates is much more risky than the 
annealed SS316L plate (Table 5-2). 
 
Figure 5-6 Typical stress concentration in bending the distal tibial bone plate (Left) 
and straight plate (Right) 
Table 5-2 Safety factor of bending the distal tip of a distal tibial plate for 2mm 
 
In the distal tip of the distal tibial plate, Stress concentration mainly happens at 
the locations of simple, threaded and the countersunk holes. It was expected and seen 
that it is more visible in the countersunk holes (Figure 5-7). 
 
Figure 5-7 Stress concentration in bending the distal tip of the distal tibial plate 
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It should be noted that when the distal tibial plate is bent in the distal tip, it 
should not be gripped from the far end of the plate for applying the load, because the 
plate fails in this region during the deformation (Figure 5-7). In this part the 
thickness of plate is much lower than the other parts and therefore cannot tolerate the 
combined compressive, shearing and tensile stresses applied through gripping. 
It was expected that the selection of the gripping area between two holes, or on 
one of them, affects the stress concentration significantly. However, the current 
thesis revealed that bending the plate from either a place between the holes or 
through a hole does not change the FS notably (Figure 5-8). Therefore the plate can 
be gripped and loaded in any location on the plate. It should be noted that the 
threaded holes of the LCPs are sensitive about deformations, because bending the 
plate through them changes the profiles of the threads, which can cause failure 
during healing process. Since the changes in the threads were not studied 
independently through the current thesis, more details of such deformations are not 
provided.  
 
Figure 5-8 Bending the distal end of distal tibial plate from a place between two 
holes (Left) and through a hole (Right) 
In a series of simulations, it was found that the configuration of Figure 5-9 
offers optimal results in terms of the deformation safety. However, due to difference 
in the structure of the plates, this result cannot be expanded to the other types of the 
fracture fixation plates. Indeed, since the structure of the orthopaedic plates varies, it 
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is not easy to recommend a specific formula or rule for this purpose and the optimum 
parameters of bending for any type of plate should be defined independently. 
 
Figure 5-9 Modified bending Configuration of tibial plate in distal end and proximal 
tip 
Results of the current project about the safety of the deformations of fracture 
fixation plates acknowledge the former findings by Frankle et al (Frankle, Cordey, 
Frankle, Baumgart, & Perren, 1994). Frankle et al have stated that both stainless steel 
and titanium alloy plates can withstand low strain deformations (average 1.6%) 
without any failure risk. Stainless steel plates respond better than titanium alloy 
plates, and narrow plates that are bent at screw holes alter the fatigue properties. 
Therefore, such deformations should be avoided. It is worthy to note that the 
assumptions of this reference for the mechanical properties of stainless steel and 
titanium alloy plates were in contrast with the ASTM’s advice and the characteristics 
of these materials, and it had not been able to interpret the results. However, the 
mentioned assumption has not affected the results and the findings. 
Altogether, it should be added that: 
 Distal tibial plate is more sensitive than straight plate because of its 1.5mm 
lower thickness. Similarly, distal tip of the distal tibial plate is more 
sensitive than the proximal end in the bending in terms of mechanical 
strength against deformation, because of lower thickness and higher stress 
concentration. 
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 Deformation safety of Ti-6Al-4V and cold-worked SS 316L plates is low 
and increasing the bending radius does not increase it significantly unless 
when the radius is multiplied. Increasing the bending radius can be done 
by either decreasing the deflection or increasing the distance between 
loading and gripping areas. However, both these solutions affect the fitting 
conditions. Efficiency of any proposed solution depends on the fitting 
criteria recommended by clinicians. 
5.4. Springback Effect through Twisting Bone Plates during Surgery 
Torsional deformation of fracture fixation plate during surgery is a 3D problem 
and there are two deformation angles that should be considered in the analyses. 
These angles, which are shown in Figure 5-10, are called     and     in this thesis.  
 
Figure 5-10 Schematic view of torsional deformations of a bone plate 
The Equation 5-3 is used for assessment of the springback effect in torsional 
deformations of the bone plates during orthopaedic surgeries. 
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  Se 100 (1 
 f
 i
) Equation 5-3 
In this equation,     denotes the percentage of the springback effect,    is the 
deformation angle of the plate before unloading and    is the deformation angle after 
unloading (Figure 5-11). It should be noted that Figure 5-11 is assumed on the yz 
coordinate plane. 
 
Figure 5-11 Configuration of bone plate after loading and unloading steps in 
springback analysis of torsional deformations 
Considering the configuration of Figure 5-12 and a=27.5mm, springback effect 
of the torsional deformations of straight tibial plate and distal tibial plate were 
studied. The deformations were in the range of          . 
 
Figure 5-12 Configuration of the distal tibial plate for the FEA of the springback 
effect in torsional deformations 
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It was proved that: 
 Ti-alloy plates show higher springback effect in comparison with the cold-
worked Stainless Steel 316L and annealed Stainless Steel 316L (Figure 
5-13). In the torsion of       the springback effect of the Ti-6Al-4V 
plates is 2.8 times more than the annealed stainless steel 316L plates and 
1.3 times more than cold-worked stainless steel 316L plate. 
 As shown in Figure 5-13, the springback effect decreases when the 
torsional deformation increases. There is a nonlinear relation between the 
springback effect and the torsional angle. The studied biomaterials do not 
follow a single pattern for the changes in the springback effect. 
 
Figure 5-13 Change in springback effect of tibial plate through torsional deformation 
 Unlike bending, plate thickness does not impact on the springback effect 
considerably (Figure 5-14). 
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Later, this distance was increased to 54.5mm and was found that the 
springback effect decreases <4% (Figure 5-15 and Figure 5-16
1
). It means that, 
similar to the torsion angle of θf, decreasing the θyx increases the springback effect. 
However, its effect is not as notable. Doubling the distance between the fixation and 
loading areas resulted in less than 6% change in springback effect values in almost 
20° deformations. In most surgical cases, due to fitting requirements, the distance 
cannot be increased so much and the deformations are rarely as big as 20°. 
 
Figure 5-14 Changes in springback effect of straight and distal tibial bone plates 
through torsional deformations 
Figure 5-16 also highlights the role of material properties in such changes. 
Cold worked SS316L has closer material properties to Ti-6Al-4V than annealed 
SS316L and then follows a close trend of changes to the Ti-6Al-4V. Its changes are 
generally higher than Ti-alloy because its strength values (yield and ultimate) are 
lower, and it is more ductile.   
                                                                
1
 The horizontal axis of this figure refers to the deformation angle in yz plane (θyz, also 
called θf) 
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Figure 5-15 Changes in the springback effect of distal tibial bone plates in torsional 
deformations when the distance of ‘a’ changes 
 
Figure 5-16 Change in springback effect due to increasing the distance between the 
fixed and loading areas of distal tibial plate 
In terms of the process safety (previously discussed FS), all torsions with 
       are safe because     . However, titanium alloy plates should be 
deformed carefully when        because         .1. In other words, in case 
of large torsions, stainless steel plates are more recommended. Sometimes, due to 
medical considerations, it is necessary to implant a Ti-alloy plate and twist the plate. 
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In such cases, it is recommended to apply the minimum possible deformation angles 
in     and   . 
Similar to bending, stress concentration plays a part in the safety of the 
torsions. It mainly happens in the holed regions. In torsion, accurate definition of the 
Fixed and Loading areas is more important than the one in bending because it not 
only affects on the deformation angle of the    but also affects remarkably on the 
profiles of the threads. It was shown that bending a distal tibial plate from a place 
between holes or through a hole does not affect on the FS notably (Figure 5-8). 
However, twisting a plate through a hole reduces the FS significantly (>20%) and it 
is more likely to distort the profile of the threads in torsional deformations, so it is 
recommended to twist the plate between two holes. 
5.5. Summary 
In this chapter, pre-surgical deformations of the fracture fixation plates were 
studied by finite element method using ANSYS workbench software tool. A 
summary of study is given in Table 5-3. 
Table 5-3 Summary of the comprehensive FEA performed in the current thesis 
Plate type 
 A 3.5mm thick distal tibial plate 
 A 5mm thick straight tibial plate 
Material properties 
 Cold-worked stainless steel 316L 
 
 Annealed stainless steel 316L 
 Ti-6Al-4V 
Deformation type 
 Bending in both ends (distal tip &  proximal) 
and the middle 
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 Twisting in the middle and one end (distal) 
Simulation parameters 
 Implicit structural 
 Single & multiple step 
Results 
 Deformation threshold of the plate 
 Safety of each deformation 
 Stress concentration at each deformation 
 springback effect 
 Contour of the plate after each deformation 
 
Results of the current study provided a number of specific recommendations 
about deformation of orthopaedic bone plates during orthopaedic surgeries and also 
confirmed the general findings of the former studies. In summary it revealed that: 
 Annealed stainless steel plates can be safely deformed in the range of the 
fitting criteria introduced by Schmutz et al (Schmutz, et al., 2008; 
Schmutz, et al., 2011) because this material can withstand all induced 
forces and moments. The safety factors of all deformations of the annealed 
stainless steel plates have been over 1.8. 
 Ti-alloy plates provided the lowest deformation safety factor. In total it 
was at the range of 1.0 to 1.15 and in some cases it was <1.0. It means that 
Ti-alloy plates cannot be deformed in any desired configuration. If it is 
inevitable to implant a Ti-6Al-4V plate and deform it during the surgery, 
minimum required deformations and maximum distance between the 
fixation and the loading areas must be applied. Optimal distances for the 
deformations of the distal tibial and straight tibial plates were addressed in 
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this chapter. Annealed stainless steel plates are recommended when a large 
deformation is needed because this biomaterial includes a high elongation 
ratio (>40%) and there is a big difference between its ultimate tensile 
strength (≈485MPa) and yield strength (≈192MPa). 
 In the bending, the springback effect of Ti-6Al-4V plates varies in the 
range of 35% to 65% while it is 22%-50% for the cold-worked stainless 
steel 316L and 10%-25% for the annealed stainless steel 316L. It is 
respectively a minimum of 35%, 22% and 5% in twisting of the above 
mentioned biomaterials. Since titanium alloy bone plates involve higher 
springback effect, compared with the cold-worked and annealed stainless 
steel plates, they should be over-bent more to neutralize this effect. This 
specification together with the previously mentioned mechanical 
properties limits the deformation range of the Ti-alloy plates.   
 Springback effect decreases when the deformation magnitude increases. 
There is a nonlinear relation between the deformation magnitude and the 
springback effect. Bending of the studied biomaterials can be defined by a 
third degree descending polynomial trendline. Twisting of the Ti-6Al-4V, 
Cold-worked stainless steel 316L and the annealed stainless steel 316L 
plates can be formulated by a fourth degree descending polynomial 
trendline, a third degree polynomial trendline and a logarithmic 
descending trendline respectively. 
 In the bending, increasing the thickness of the plate decreases the 
springback effect but it is not as significant in torsional deformations. 
Generally, the springback effect of the bending of the distal tibial plates 
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was 1.2 times more than the straight tibial plates while they were under 
1.04 times in twisting. 
 Stress concentration is common in both torsion and bending processes of 
fracture fixation plates, because they include lots of threaded and 
countersunk holes. Stress concentrators play a key role in the deformation 
thresholds of the plates and that is why the distal tip of the distal tibial 
plate is more risky than the middle and the proximal end. 
 Deformations of fracture fixation plates can distort the profiles of the 
threads. Such a failure is more likely in twisting. Since the threads play a 
crucial part in locking the plates, distortion of the thread profile may end in 
the failure of the fixation.  
 Finite element software packages, such as ANSYS, can be coupled with 
other design software packages. This capability has been implemented in 
the present thesis for generation of the geometric model and optimization 
of the deformation parameters. The geometric model was imported from 
the CAD software, Solidworks, and the results were exported into the 
optimization software, MATLAB. Importing the geometric model was 
explained in this chapter and the previous chapter. Exporting the results 
into MATLAB will be discussed in the next chapter. 
The next chapter discusses the integration of the FEA and fit assessment techniques 
and explains how the results of the FEA are used in optimization of the deformations 
of fracture fixation plates. 
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Chapter 6:  Novel Algorithm for Fit Optimization of Fracture 
Fixation Plate to the Underlying Bone 
6.1. Introduction 
With reference to the literature review, any type of fracture fixation plate is 
provided in a mean shape that fits average bone shapes. So, it cannot initially fit the 
underlying bone in all surgical cases. Non-fitting happens because of the limited 
bone plate configurations in comparison with the existing wide bone morphology. 
It is crucial to have a close fit between plate and the bone in all surgical cases 
and therefore, the plates are deformed during surgery if they do not fit (Harith, et al., 
2011; Schmutz, et al., 2008; Schmutz, et al., 2011). Nowadays, deformation 
parameters are defined through visual inspection. This method is human-based, time-
consuming and approximative. The current thesis proposes an innovative algorithm 
for improving the current method by increasing the accuracy and reliability of the 
process as well as reducing the process time. The new algorithm, which is being 
discussed in this chapter, is developed in collaboration with another PhD thesis. 
In the next sections, the current plate preparation procedure and the principles 
of fit assessment as well as the novel algorithm are discussed. The results of the 
study on the implementation of this algorithm on a distal tibial plate and 45 bone 
shapes are explained afterward. Finally, a summary of the findings is provided. 
6.2. Current Procedure of Fit Assessment 
Orthopaedic bone plates are implanted on a fractured bone through a 12-step 
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procedure (Robert & Randi, 2006). The first three steps are as follows
1
:  
xiii. Bone fracture region is isolated. 
 
Figure 6-1 Isolation of the bone fracture region (Robert, et al., 2006) 
xiv. A flexible template of the real plate is fitted to determine the gap between 
the plate and the bone in different sections of the fracture region.  
 
Figure 6-2 Fitting the template of the plate onto the bone (Robert, et al., 2006) 
xv. Bone plate is bent and twisted regarding the template. 
  
Figure 6-3 Bending the bone plate by bending irons (Robert, et al., 2006) 
                                                                
1
 This example of plate application uses a 3.5 DCP plate (dynamic compression plate). 
However, 2.0, 2.7, and 4.5 plates are all applied in the same fashion. In this example a 
shorter plate was used for teaching purposes. In a clinical case the surgeon would strive to 
use a plate that spans 70% of the diaphysis. 
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Figure 6-4 Bending the bone plate by pliers (Robert, et al., 2006) 
 
Figure 6-5 Assessment of the fitting conditions of the deformed bone plate with the 
template (Robert, et al., 2006) 
Apparently, this approach is not accurate enough because the plate is deformed 
manually by non-precise apparatuses and the fitting quality is approximated visually 
instead of a precise assessment procedure. Besides, the process is human-based and 
all human related errors are assumable. 
Recently some studies have been conducted on quantitative fit assessment of 
bone plates (Goyal, Skalak, Marcus, Vallier, & Cooperman, 2007; Harith, et al., 
2011; Kozic, et al., 2010; A. Y. Park et al., 2010; Schmutz, Rathnayaka, 
Wullschleger, Meek, & Schuetz, 2010; Schmutz, et al., 2008; Schmutz, et al., 2011). 
The findings of these studies can lead to an approach that eliminates most of the 
abovementioned drawbacks. The proposed algorithm in this chapter implements the 
latest, most-accepted findings of these studies. 
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6.3. Fit Assessment Approach 
Generally, fit of plate and the underlying bone can be analysed through either 
of the following methods (Harith, et al., 2013): 
 Manual 
 Semi-automated 
 Automatic 
In the manual approach, the plate is fixed onto cadaver bones (Figure 6-6) and 
then the fit assessment is performed either visually or quantitatively (Goyal, et al., 
2007). Studies on this approach have mainly used the bones kept in museums. Since 
these bones do not belong to the current bone morphology, they may not represent 
the desired age-range. 
In the semi-automated method (A. Y. Park, et al., 2010; Schmutz, et al., 2010; 
Schmutz, et al., 2008), the 3D model of the bone is reconstructed from CT/MRI 
scans and the model of the plate is assembled on it (Figure 6-7). Then, the fit analysis 
is performed manually.  
 
Figure 6-6 Precontoured proximal tibial plates fitted manually to bones for 
assessment. (Goyal, et al., 2007) 
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Figure 6-7 3D models of a distal medial tibial fracture fixation plate and a tibia 
constructed from CT/MRI scans 
The automatic method, which uses virtual models of the plates and the bones, 
involves the automation of the plate positioning and the fit analysis. The virtual 
method (Kozic, et al., 2010) implements the most recent advances in imaging 
techniques. These developments have made it easier to access the 3D bone models of 
current patients and therefore the limitation of using cadaver bones has been 
eliminated.  
6.4. Measurement of the Gap between the Bone and the Plate 
To date, the following approaches have been implemented for measurement of 
the gap between fracture fixation plate and the bone: 
 Average distance between the plate and the underlying bone (Kozic, et al., 
2010; A. Y. Park, et al., 2010) 
 Maximum distance and angular distance between the plate and the bone 
(Schmutz, et al., 2008; Schmutz, et al., 2011)  
 Volumetric gap between plate and the bone (Goyal, et al., 2007). 
Average distance is used when a single fitting criterion is applied for definition 
of the acceptable gap between plate and the bone. This approach cannot be precise 
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enough because it does not provide enough data about fitting conditions. It may even 
lead to wrong results. A plate can meet the recommended fitting criterion of this 
method without meaningful fitting because there is no guarantee that such a plate 
meets the clinical requirements (Schmutz, et al., 2010).  
Maximum Distance between plate and the bone (Huang, Toogood, Chen, 
Wilber, & Cooperman, 2007; Schmutz, et al., 2011) is mainly used when multiple 
criteria are implemented for definition of fitting acceptability. For example, Schmutz 
et al (Schmutz, et al., 2008) specified four clinically-based fit criteria for distal tibial 
plate and found that 6 of 45 plates fit the underlying bone initially. They also 
demonstrated that it is unlikely that a single value/parameter will be indicative of 
plate fit and sufficient for quantifying the fitting quality of a plate. 
Currently, there is no standard criterion available for quantitative fit assessment 
of bone plates. Among the existing approaches, measurement of the maximum 
distance between plate and the bone is practical and the results are clinically 
meaningful. This approach together with multiple fit criteria is applied in the 
proposed novel algorithm to address the varying clinical needs for the fitting of a 
plate to a particular bone anatomy. 
6.5. Proposed Method for Fit Assessment and Optimization 
Generally, fit assessment process involves two main steps of: 
i. Positioning/alignment of the plate on the bone 
ii. Fit analysis 
For automatic fit assessment, it is necessary to do both these steps virtually by 
appropriate software tools. The proposed method in here is based on the initial 
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positioning, fit analysis, decision making and an iterative fit improvement procedure.  
Figure 6-8 shows the flowchart of this algorithm. As shown in this figure, a 3D 
model of the undersurface of the plate is positioned on the model of the bone and is 
studied in terms of fitting. If the plate meets the fit criteria, it is ready for 
implantation on the fractured bone. Otherwise, its CAD model is deformed, virtually 
employing the finite element method. Then, the results of the finite element analysis 
are extracted for the fit assessment. The undersurface of the deformed plate is 
repositioned on the bone model and fit analysis is re-done. If the deformed plate 
meets the acceptable fitting requirements, the deformation parameters are extracted 
and the plate is deformed by bending apparatus accordingly. Otherwise, the process 
is iterated till achieving a desired result. 
To date, there is no specific commercial software available for plate 
positioning and fit assessment. The former studies (Schmutz, et al., 2010; Schmutz, 
et al., 2008; Schmutz, et al., 2011) have employed a group of general-purpose 
software tools, e.g. Rapidform and MATLAB. Rapidform is a 3D scan data 
processing software package for reverse engineering and inspection. It uses 3D scan 
data for regeneration of 3D CAD models. Regarding the developer (3D Systems 
Geomagic Solutions, 2013), Rapidform can be used in automotive, aerospace, 
cultural heritage, marine, media, and medicine. MATLAB
®
 is a high-level language 
and interactive environment for numerical computation, visualization, and 
programming with application in signal processing and communications, image and 
video processing, control systems, test and measurement, computational finance, and 
computational biology (MathWorks Inc., 2013). Application of these tools for plate 
positioning and fit assessment has been validated through previous studies by 
Schmutz et al (Schmutz, et al., 2008; Schmutz, et al., 2011). The algorithm of the fit 
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assessment and optimization, proposed here, implements the capabilities of these 
software packages at the moment. However, it is aimed at developing an advanced 
specific software tool in the future. 
 
Figure 6-8 Flowchart of the algorithm proposed for optimization of the fitting of 
fracture fixation plates and the underlying bone  
Ideally, all the procedure of the proposed algorithm should be done fully 
automatically. It is currently performed semi-automatically because the FEA process 
cannot be automated at this stage. Automation of the FEA process needs numerous 
decision-making situations at different steps of the analysis. It can be automated once 
the finite element model is established and all the technical decisions can be made 
automatically. To date, the author has not seen any case of FEA automation. The few 
existing studies on the automation of the finite element method (Logg, 2007; Logg & 
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Wells, 2010) have aimed to automate the solution of the partial differential 
equations. 
Extracted from Figure 6-9 the flowchart of Figure 6-10 was applied during the 
current study. This flowchart consists of two parts, (i) the pre-processing tasks and 
(ii) the iterative process of plate fit and deformation. The main function of the pre-
processing tasks was to create a default geometric model for the FEA and, based on 
that, to create a default plate undersurface model for the automatic plate and bone 
alignment. Default models were required to ensure the correct data transfer between 
two processes. This part required the application of four software tools; naming 
Solidworks, ANSYS, Matlab and Rapidform2006. The second part of the algorithm 
involved the iterative plate fitting and deformation process.  During this process three 
software tools (Matlab, Rapidform and ANSYS) were implemented. The iterative 
process began with automatic alignment of the plate and the bone, performed in 
Matlab. Once completed, the plate was concluded as fitting or non-fitting. Any 
borderline fitting cases were considered as non-fitting. Next the resulting position 
was verified to its clinical acceptability in Rapidform. It was done for better 
visualization of the plate position. The process terminated if the plate fit optimally. 
Otherwise, the fit assessment data was used to decide the type and amount of the 
deformation required to improve the plate fit. The deformations were performed 
using finite element method employing ANSYS. Finally, the updated coordinates of 
the undersurface nodes were extracted and imported back into Matlab for 
realignment and fit assessment.  This process was repeated until all studied bones (45 
tibiae at this stage) had at least one fitting shape, or when it was confirmed that no 
safe deformation could be performed to fit the plate to the remaining non-fit cases. 
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Figure 6-9 Flowchart of the proposed approach; Left: pre-processing steps, right: 
iterative plate fit and deformation 
For the proposed algorithm, the solid model of the plate (.sldprt) was used as 
input for Solidworks and ANSYS, and the polygon mesh of the plate undersurface 
(.stl) as input in Matlab and Rapidform. The most important data transfer process 
occurred between ANSYS and Matlab because they were involved in the iterative 
process and both used different data as input. The results of the analyses were 
exported through the nodes coordinate of the undersurface in the txt format (Figure 
6-10).  
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Figure 6-10 Typical format of data exported into fit assessment complex 
Although the data format was different in ANSYS and Matlab, they were using 
common raw data, which were the undersurface nodes. In ANSYS, the solid model 
was first meshed. This process discretized the solid model into nodes and elements 
(Figure 6-11, i). The undersurface nodes then could be extracted using a built-in 
function by selecting the relevant surfaces on the plate (Figure 6-11, ii). The 
extracted nodes (Figure 6-11, iii) were then transferred to Matlab in the text-file 
format (.lis) detailing the index of each node and its 3D coordinates.  
In Matlab, the nodes were used to build the plate undersurface, which was in 
polygon mesh format (Figure 6-11, v). A polygon mesh consists of vertices and 
faces. The nodes extracted from ANSYS were used as the vertices. The faces 
detailed how the vertices are connected to each other to build the faces of the mesh. 
The automatic alignment process required the undersurface mesh, but ANSYS only 
provided the nodes index and coordinates. Therefore, the nodes had to be meshed 
again in Matlab to build the polygon mesh. 
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Figure 6-11 Process of developing default plate undersurface from meshed model 
The coordinate of each node was updated after each simulation of the 
deformation to reflect the deformed shape. After the alignment process, a plate-to-
bone distance map of the undersurface illustrating the plate-bone gap was created. 
The next ideal process was that an intelligent and robust algorithm would translate 
the map into deformation parameters and the deformation parameters would be 
transferred to ANSYS. However, due to complexity and time-constraint, the 
algorithm was left to future research. For the purpose of this project, the distance 
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map was converted manually into deformation parameters and then defined the 
parameters on the geometric model in ANSYS for subsequent deformation.  
In Matlab, due to the complexity of the undersurface configuration, the first 
mesh created contained errors. Some wrong surfaces were created and the direction 
of the faces’ normal vectors was not uniform (Figure 6-11, iv). They needed to be 
corrected. The correction was performed in Rapidform whereby the unwanted faces 
were deleted manually and a built-in function to correct face normal was activated. 
Once corrected, the undersurface was exported back to Matlab (Figure 6-11, v). Due 
to the involvement of manual tasks when correcting the raw undersurface, 
automation of the algorithm for the tasks performed in Matlab was only possible 
when the two set of indices remained the same throughout the iteration. Since the 
undersurface mesh created in Matlab was based on the nodes extracted in ANSYS, it 
was important that the nodes of ANSYS remained the same. Since the nodes’ 
number and locations depends on the geometric model, the geometric model does not 
change. The geometric model could change when new faces or sections have to be 
created on the solid model (Figure 6-12). A master geometric model was created 
(Figure 6-12 bottom) to avoid any change in the geometric mode in any iteration. 
This model allowed flexible and accurate definition of deformation parameters i.e. 
the loading and gripping areas.  
 
Figure 6-12 Creation of the default geometric model in Solidworks; Top: Original 
solid model. Bottom: Solid model with higher number of partitions.  
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The algorithm was implemented on fit assessment of a medial distal tibial plate 
on 45 bone models. Numerous iterations of FEA and fit analysis were performed, 
and finally it was concluded that the proposed algorithm can be effectively used in 
the fit assessment of the bone plates before and after deformation. It can also be used 
for optimization of deformations of the fracture fixation plates. 
6.6. Deformation of Medial Distal Tibial Plate 
Schmutz et al revealed that the existing distal tibial plates initially fit to the 
13% of the tibiae of the studied dataset. One modified plate can achieve a maximum 
67% of the bones and if two plates are tried, the anatomical fit can be increased up to 
82% for the same dataset (Schmutz, et al., 2011). They had considered the following 
criteria for the study (Figure 6-13): 
i. Five regions in the distal section, each with maximum plate-bone distance 
of 2mm 
ii. The middle-third region with maximum plate-bone distance of 6mm, 
iii. The proximal angle with maximum angle of 10° and  
iv. The proximal end with maximum plate-bone distance of 4mm 
 
Figure 6-13 Surgical alignment of the plate undersurface; The plate is represented by 
the colour-coded map of the deviations (Schmutz, et al., 2011) 
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The same fitting criteria have been applied in the current study. This was aimed 
to achieve maximum possible fitting (ideally 100%). So, all technically feasible 
deformations have been examined by the proposed algorithm. The deformations of 
the Figure 6-14 were then simulated on the distal tibial plate. 
 
Figure 6-14 Types of the deformation simulated on the distal tibial plate 
Numerous configurations of the deformations were simulated. In some cases a 
single deformation on either of the given sections of Figure 6-14 was needed and 
therefore a single-step analysis was conducted. However, in most cases a 
combination of the deformations was needed and a multiple-step FEA was 
performed. Figure 6-15 shows the typical layout of the multiple-step analyses. 
 
Figure 6-15 Typical layout of the multiple-step analysis performed in ANSYS 
Due to technical limitations of the current versions of ANSYS, the multiple-step 
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FEA has been challenging. The software cannot apply a Fixed Support in a step and 
remove it in a later step. Therefore, it was necessary to update the geometry of the 
plate after each deformation and then apply the boundary conditions on the updated 
geometric model. The module of “Geometry update based on the results”, which is 
provided in the Beta versions
1
 of the recent ANSYS Workbenchs, works well and is 
straightforward in the simple geometric models. However, it is problematic in 
complicated 3D CAD models, such as the one of the distal tibial plate. After a series 
of trial and errors it was found that High Performance Computers (HPCs) are helpful 
in solving such problems. 
For performing the FEAs asked by the fit assessment/optimization algorithm, 
first the plate was twisted 7°-12° in the shaft to further flatten the plate to fit the 
medial surface better and to bend the distal section down to fit to the malleolar 
surface better (Schmutz, et al., 2011). The distal section was left untouched during 
this simulation. Based on the individual fit assessment outcomes for the 45 tibia, the 
type and the magnitude of the required distal bending at each case were determined. 
It was found that three types of distal bending; upward, downward and twisting were 
required. Downward distal bend was needed in most cases, so that the distal tip was 
bent 1mm to 4mm in the second step of deformation. To implement the distal 
bending, the area adjacent to the metaphysis-diaphysis neck was gripped and a 
negative or downward displacement was applied at the apex of the distal section 
(Figure 6-16). The shaft section was left untouched during the simulation. 
                                                                
1
 Beta version is a pre-release version of software that is given out to a large group of 
users to try under real conditions. Beta versions have gone through alpha testing inhouse and 
are generally fairly close in look, feel and function to the final product; however, design 
changes often occur as a result 
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Figure 6-16 Deformation of distal tibial plate consisting the twisting of the shaft by 
gripping the plate at D and applying displacements at A and B, and bending of the 
distal end by gripping the plate at D and applying displacement at C. 
Further shaft deformation was required for the cases that were well-fitting in 
the distal subregions, but not in the shaft after the first deformation. So, multiple 
bending in the shaft was needed to further flatten the middle-third section and lift up 
the proximal end section. The multiple bending was performed by gripping two areas 
on the plate and applying downward displacements in two areas between the gripped 
areas (Figure 6-17, top). The proximal end lift was performed by gripping the plate 
between the middle-third and proximal end regions, and applying upward 
displacement within the proximal end region (Figure 6-17, bottom). Then, 2mm to 
3mm displacements were applied for both deformations. 
 
Figure 6-17 Deformation parameters for multiple bending in the shaft 
Similar to the deformation value and type, the positions of the fixed and 
loading areas were defined by trial and errors. Figure 6-18 shows a sample of such a 
trial. 
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Figure 6-18 Typical trial for finding optimal loading and fixation areas through 
deformation of distal tibial plate  
After each deformation FEA the undersurface data of the deformed plate was 
positioned on the bone and was assessed in terms of fitting. Figure 6-19 shows a 
typical result of the fit assessment. Fit assessment is thoroughly discussed in the 
other thesis
1
 and only a summary of the results are given in the current thesis. 
Altogether, it was proven that, fundamentally, the proposed algorithm works 
aptly and can be employed in fit assessment/optimization of other fracture fixation 
cases. Also, it was found that 89% fitting of the plate to the underlying bone is 
achievable by the initial distal tibial plate, plus three deformed ones. However, it is 
impossible to achieve 100% fitting because some of the deformations are not doable 
in practice. In total, five non-fit cases were seen among the examinations (Figure 
6-20). Amongst them, the distal-anterior subregion was non-fitting in all five cases 
(‘a’ in Figure 6-20) and the proximal-posterior subregion was non-fitting in three 
cases (‘b’ in Figure 6-20). All five cases had patches of areas within the distal region 
                                                                
1
 The thesis of Ms Hazreen Harith entitled “The Automation of Implant Fitting for a 
Distal Tibial Plate” 
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that already touches the bone surface. These patches of areas were located at the 
anterior and posterior edges of the plate and in between the non-fitting subregions. 
Repositioning could not help to improve the plate fit in such cases.  
 
Figure 6-19 Fit assessment of the deformed model of the distal tibial plate on tibiae 
 
Figure 6-20 Existing five non-fit cases; Red ovals highlight that non-fitting subregion 
for each case.  
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To achieve anatomical fit, these areas of the plate that were already sitting on 
the bone surface had to be lifted up first and then localized bending could be applied 
at the non-fit area. To investigate the effect of local bending at the subregion, a 
deformation was simulated that would attempt to improve plate in the two areas 
where non-fit occurred more frequently, the distal-anterior and proximal-posterior 
subregions (Figure 6-21).  
 
Figure 6-21 Deformation setup to improve fit of the distal-anterior (a) and the 
proximal-posterior (b) subregions; Purple: gripping area, Yellow: loading area. 
It was found that for stainless steel plate, 3mm displacement damaged the plate 
in both areas (Figure 6-22 b, Figure 6-23 b), while 1mm displacement was safe for 
deformation in the distal anterior (Figure 6-22, a), but not for the proximal-posterior 
subregion (Figure 6-23, a). 
 
Figure 6-22 Safety factor result for distal deformation at distal-anterior region; (a) 
1mm bending (according to Figure 6-21, a) (b) 3mm bending at the same location 
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When considering deforming any area in the distal section, one should also 
consider the amount of bending or displacement, and the geometry and materials of 
the plate. Each distal subregion has screw holes nearby. Therefore, any type of 
deformation would most likely affect the screw holes as well, which is clinically 
inadvisable as it may lead to early plate failure (Frankle, et al., 1994). The screw hole 
threads were not simulated in this study due to limited computational resources. 
Nevertheless, FEA results show that the area just adjacent to the screw holes 
experienced deformation (Figure 6-22 and Figure 6-23). The screw holes in the distal 
region, especially the two most distal holes are important in stabilizing the fracture 
fixation construct. Deformation to any of the screw holes will alter the screw threads 
and may affect the usability of the holes. Moreover, the two most distal holes are 
fixed-angle screw holes in which the screws’ axes should be positioned 
perpendicular to the joint surface. Deformation affecting these holes may alter the 
direction of the screws’ axes, which may have a significant effect on stabilizing the 
fracture. Therefore, any deformation on the screw holes in the distal region should be 
avoided as best as possible.  Based on the FEA results for the distal region, it is 
impossible that the five remaining non-fitting cases to achieve global fit. 
 
Figure 6-23 Safety factor result for distal deformation at proximal-posterior region; 
(a) 1mm bending (according to Figure 6-21, b) (b) 3mm bending at the same location 
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From another aspect the infeasibility of the given deformations can be 
explained as follows. Figure 6-22 is brought in here to address the geometrical 
specification of the plate in the one of the cases as a sample. The other cases can be 
discussed similarly.  
 
Figure 6-24 Deformation limitations of the distal tip of distal tibial plate causing 
absolute non-fitting  
In this figure, either of the following processes has to be followed to perform 
the desired deformation: 
 Free bending
1
 (the current approach of bone plate deformation during 
surgery) 
  Cold sheet metal forming by punch and die (e.g. bottoming) 
 Hot forming by punch and die 
Neither of the first two approaches is applicable in this case because there is 
not enough space for performing the deformation. In cold-forming, a minimum 
radius that a workpiece can be bent safely,   , has to be applied.    is normally 
                                                                
1
 Free bending refers to the method of deformation by which the plate is bent in room 
temperature without using specific punch and die. 
Novel Algorithm for Fit Optimization of Fracture Fixation Plate to the Underlying Bone 
 
180 
 
expressed by the Equation 6-1(Boljanovic, 2004): 
        Equation 6-2 
Where, T is the thickness of the workpiece. The coefficient c for a variety of 
materials has been determined experimentally. Some typical values of c are given in 
Table 6-1. 
Table 6-1 Values of the coefficient of minimum bending radius, c, (Boljanovic, 2004) 
 
Figure 6-25 shows the bending procedure by the first two approaches.  The top 
three-step procedure shows the free bending and the one at the bottom explains the 
approach of implementing a punch and a die. 
 
Figure 6-25 Procedure of cold forming of the distal tip of the distal tibial plate 
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As shown in this figure, four bending radii are involved in both types of the 
deformations. Considering a thickness of 3.1mm for this section of the distal tibial 
plate (Figure 6-26) it is impossible to apply 2.7mm deformation for the plate because 
minimum 6.2mm (0.5*3.1*4) is needed only for creation of these radii in the soft 
deformation of stainless steel. It is 31mm (2.5*3.1*4) for the soft deformation Ti-
alloy. Considering the straight parts of the plate in the deformed sections, a minimum 
of 7.5mm distance is needed, while there is only 5mm available. 
 
Figure 6-26 Thickness of distal tibial plate in distal tip 
Apart from this, regarding the dimensions of Figure 6-22, it is not safe to grip 
the plate in the grey areas of the distal tip and apply the given deformations. With 
reference to the comprehensive FEA (the previous chapter), it is not safe to grip the 
plate under the current conditions. 
In this case hot forming (the third approach) is not feasible as well because the 
material behaviour changes in high temperatures and maintenance of the desired 
material properties needs advanced metallurgical expertise. It also needs advanced 
heat treatment and quality control instrumentation. In total, the overall time of the 
procedure and economic justification are the main obstacles against the feasibility of 
hot-forming during surgery. The risk of distorting the profile of the threads should be 
added to the mentioned obstacles. 
It was also found that a limited number of deformations are enough to reach the 
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maximum possible fitting. Therefore, all necessary deformations of the plates for 
achieving the fitting can be categorized and a comprehensive possible deformation 
library can be made. In case of distal tibial plate, maximum possible fitting (≈89 ) 
was achieved with three types of deformations. Such a library can be used by 
hospitals, bone plate suppliers and manufacturers of medical instruments. 
Implementing a deformation library eliminates the pre-surgical trial and errors of 
plate deformations and decreases the time of plate preparation. Thinking globally, 
making a deformation library decreases the costs of pre-surgical plate deformation 
and eases plate fitting. 
However, the deformation library should be made for all types of the existing 
plates and updated after introduction of a new plate. Since the shapes of the plates of 
any manufacturer slightly differ from the others, the deformation library should be 
customized for all the existing plates in the market. 
It should be noted that it is not feasible to apply the mentioned deformations 
through a manufacturing process, because it raises the total number of the plates 
tremendously. Most of the precontoured plates are available in several sizes. For 
example a tibial plate comes in six different lengths. Considering the right and the 
left sides, and two biomaterials (stainless steel and titanium alloys), a distal tibial 
plate is available in 24 different versions (Figure 6-27).  
If this plate is provided in four shapes, 96 versions of the plate are required. A 
tibia has at least three different anatomical regions requiring a fracture fixation plate. 
It means that the previously mentioned number should be multiplied. Regarding the 
total number of the bones of a human being, in total, several thousands of bone plates 
should be provided if this approach is followed. Such a large number of plate types 
causes immense problems for hospitals and plate manufacturers. Therefore, it is 
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better to supply a single version of any plate and deform the plate during surgery. In 
other words, making a deformation library should not lead to providing several 
versions of any bone. 
 
Figure 6-27 Different available versions of a bone plate differing in length, material 
and body side (Synthes Medical Devices Co., 2010). 
6.7. Summary 
Currently, the fitting of fracture fixation plates is assessed by visual 
comparison of the plate with a template of the bone. If it is necessary, the plate is 
deformed accordingly by a group of manual general-application mechanical tools 
such as pliers and irons. This method of fit assessment is qualitative and time-
consuming. Besides, the results are skill-dependent. Since it is important  to achieve 
a close fitting between the plate and the underlying bone, the current technique of fit 
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assessment needs to be improved by an automatic and quantitative one. It can be 
done by quantifying the fit criteria. 
To date, there is no standard criterion available for assessment of the fitting 
quality of a fracture fixation plate to the underlying bone. Using single criterion, 
which is applied in some studies does not have clinical justification. Multiple criteria 
are advised more for this purpose. 
Measuring the mean gap between plate and the bone is not accurate enough 
and can be misleading. Maximum distance between plate and the bone in any 
criterion is advised for this purpose. 
A novel algorithm was proposed in this chapter to fill the existing gap in the fit 
optimization of the fracture fixation plates. This algorithm, which implements the 
advised fit criteria and measurement approaches, is based on the virtual positioning 
of the 3D geometric model of plate on the 3D model of the bone, fit assessment of 
the positioned plate model on the bone model, virtual deformation of the plate model 
using the finite element model and iteration of this process till achieving the optimal 
result. The algorithm was examined through the present study and was proven that it 
can be employed for other plate and bone types. This algorithm has been developed 
and examined collaboratively together with another PhD thesis. The work of this 
thesis has been responsible for performing the finite element analysis and 
transferring data into MATLAB software package. Plate positioning and fit 
assessment has been done through the mentioned PhD thesis. 
Implementing the proposed algorithm, it was also revealed that a limited 
number of deformations can provide maximum possible fitting of the plates on the 
bones. Therefore, a library of all feasible deformations can be made to use in 
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development of an advanced intelligent bone plate deformation machine. This library 
also can be used as an independent shape library in the hospital. It also can be 
employed in optimization of the next generations of bone plates. Since there is a lack 
of specific software for fit assessment and optimization, this algorithm can be used 
for development of such a software package as well. 
At the moment, this algorithm is semi-automated. Currently, the finite element 
analyses are done manually. Similarly, the 3D model the undersurface is modified 
manually if the geometric model of the FEA is changed. More studies are needed to 
automate the entire algorithm. 
The next chapter, which includes the last chapter of the current thesis, provides 
a summary of all findings of the thesis. 
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Chapter 7:  Conclusion 
7.1. Introduction 
The present research has aimed to develop a novel technique for deformation 
of fracture fixation plates during orthopaedic surgeries and the current thesis has 
tried to document the efforts and the findings. The thesis has been provided in seven 
chapters. The thesis has been outlined through the first chapter. A background of the 
problem has been presented and the existing research gaps in the literature have been 
identified in the second chapter. The methodologies to address the gaps have been 
provided and discussed in the third, fourth and the fifth chapters. The study has been 
conducted in collaboration with another PhD thesis administrated by the same 
supervisory team. Linkage of the two studies has been discussed in the sixth chapter. 
The current chapter, which includes the last chapter of the thesis, provides a 
summary of the main findings and then proposes the possible future works. 
7.2. Findings 
The current study has pursued two main objectives as follows: 
 Development of a new automatic machine for performing the pre-surgical 
deformations of the fracture fixation plates 
 Development of a novel iterative method for fit assessment of bone plates 
during surgery and definition of the deformation parameters. The 
deformation parameters here include the position and the value of each 
deformation as well as the position of the fixation area in each 
deformation. 
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Mechanical design of the machine was wholly conducted through the current 
thesis. But the new iterative method of fit assessment was accomplished in 
collaboration with another PhD thesis
1
 and the present thesis has been responsible for 
the finite element analyses. 
Accordingly, the research was performed in two complementary phases as 
follows: 
 Development of an innovative automatic machine for deforming 
orthopaedic bone plates during surgery 
 Study on the deformations of fracture fixation plates by the finite element 
method; and exporting the results to fit assessment complex 
Thus, the major findings of this thesis can be summarized in: 
7.2.1. Design of the Innovative Automatic Machine 
From the literature review it is clear that currently, orthopaedic bone plates are 
deformed during surgery by a group of mechanical tools such as pliers, irons and 
bending presses. These tools are general-purpose and manual. They are not precise 
and accurate and the results are human-dependent. Additionally, using them, the 
process is time-consuming. Some innovative apparatuses have been developed to 
improve the quality of the deformations. However, they have not addressed the issue 
accurately. Technically, a few are feasible. The feasible ones have limited specific 
applications. Besides, except one, all of them are manual and therefore cannot make 
any significant progress in solving the existing drawbacks. Search among the 
existing advanced apparatuses and techniques in other industries, such as metal 
                                                                
1
 The thesis of Ms Hazreen Harith entitled “The Automation of Implant Fitting for a 
Distal Tibial Plate”  
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forming industry, determined that they cannot be applied for this purpose because 
they are mostly designed for mass and batch productions while the deformation of 
fracture fixation plates is classified in the single manufacturing process. The existing 
universal machineries, which can be used for a single manufacturing process, are 
usually manual or semi-automatic and do not have appropriate process and 
positioning precision to meet the requirements of the prospective machine. Thus, the 
advanced machine for per-surgical deformations of the fracture fixation plates should 
be designed from scratch. 
In the present thesis, first the specifications of the prospective machine were 
defined. Next, the design principles were determined and then several conceptual 
designs of a novel CNC machine were proposed. Evaluation of the designs revealed 
that most of the proposed conceptual designs are not practical because of technical 
limitations and drawbacks. In total, it was concluded that CNC machines cannot be 
the solution because they will be very large and costly. All trials through this thesis 
for designing a bench-size economic CNC machine failed. 
Among advanced manufacturing technologies, robotic arms (RAs) are 
recommended for this purpose because of their structural advantages and software 
capabilities, i.e. training and programming feasibilities. Assessment of different 
designs of RAs clarified that either of the following designs can be used for pre-
surgical deformations of the fracture fixation plates: 
 A 7-axis RA with a single axis gripper 
 Two 6-axis RAs together 
Study over the existing commercial RAs clarified that none of them can be 
employed because the existing RAs mostly offer a limited load capacity, which is not 
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enough for deformation of bone plates during surgery, and the heavy-load ones are 
over-sized. Hence, a specific one was developed through the current study. The first 
approach was followed here, because of the smaller overall size, economical 
justification of manufacturing the machine and the prospective maintenance costs. 
The proposed RA has been thoroughly discussed in Chapter 3 and the respective 
drawings are provided in the Appendix. In summary, the proposed RA can apply 
maximum torque of 170N.m and needs a 3˟4˟3 m
3
 (l˟w˟h) room for performance. It 
effectively covers the ±500mm of the length of plates and can deform them up to 
+107° and -102°. Deformation of L-shape plates and the other existing ones have 
been considered in the design. This RA also can deform all existing materials of the 
plates, such as Ti-6Al-4V and SS 316L. It is worthy to note that the standard parts of 
the Harmonic Drive Company have been implemented in the design.  
7.2.2. Finite Element Analysis of Pre-surgical Deformations of Bone Fracture 
Fixation Plates 
Deformations of fracture fixation plate during surgery include bending and 
twisting with different magnitude in different sections of the plate. Both deformation 
types were studied in here. Finite element analyses were conducted in the three steps 
of Preliminary analysis, Validation of the model and Comprehensive analysis. The 
finite element model was established first and was then validated. Validation was 
performed by comparison of the results of the FEM and experimental analyses. The 
FEA results were compared with former relevant studies and also reverse FEA were 
conducted to validate the model. Comprehensive analyses were performed afterward 
on the 3D CAD models of a distal tibial plate and a straight tibial plate. 
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Two different thicknesses, three biomaterials, and two deformation types as 
well as different FE simulation parameters were studied and it was determined that: 
 Among the most common biomaterials, including Annealed stainless steel 
316L (A SS316L), Cold-worked stainless steel 316L (CW SS 316L) and 
Ti-6Al-4V plates, the annealed stainless steel 316L can be twisted and bent 
safely within the  fit criteria advised by Schmutz et al (Schmutz, et al., 
2008; Schmutz, et al., 2011). The safety factors of all deformations of the 
annealed stainless steel plates were over 1.8. 
 All the plates had to be over-deformed to compensate the springback effect 
and achieve the desired deformation. High over-bending and over-twisting 
rates are needed for Ti-6Al-4V plates in comparison with annealed 
stainless steel 316L and cold-worked SS316L. Regarding the lower 
elongation ratio and higher springback effect of Ti-6Al-4V plates, they are 
likely to fail in severe deformations. In total the safety factors of the 
deformations of Ti-alloy plates were at the range of 1.0 to 1.15 and in 
some cases was <1.0. Therefore, Ti-alloy plates are not recommended for 
the surgical cases where severe deformations are needed. If it is inevitable 
that a Ti-6Al-4V plate be implanted and deformed during the surgery, 
minimum required deformations and maximum distance between the 
fixation and the loading areas must be applied. The optimal distances for 
the deformations of the distal tibial and straight tibial plates were provided 
in Chapter 5. 
 In bending, the springback effect of Ti-6Al-4V plates varies in the range of 
35% to 65%, while it varies in the range of 22%-50% for the cold-worked 
stainless steel 316L and 10%-25% for the annealed stainless steel 316L. In 
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twisting the minimum springback effects of the given biomaterials are 
35%, 22% and 5% respectively.  
 Increase in the deformation value decreases the springback effect. There is 
a nonlinear relation between the deformation magnitude and the 
springback effect. Bending of the studied biomaterials can be defined by a 
third degree descending polynomial trendline while the twisting of the Ti-
6Al-4V, Cold-worked stainless steel 316L and the annealed stainless steel 
316L plates can be formulated by a fourth degree descending polynomial 
trendline, a third degree polynomial trendline and a logarithmic 
descending trendline in order. 
 In bending of fracture fixation plates, the springback effect reduces 
notably when the thickness of the plate increases, but such a variation is 
not as visible in torsional deformations. Generally, the springback effect of 
the bending of the distal tibial plates was 1.2 times more than the straight 
tibial plates while they were less than 1.04 times in twisting. 
 Stress concentration plays an essential role in deformation of fracture 
fixation plates. It happens around the holes, especially the countersunk 
holes. In the case of distal tibial plate, distal tip includes several holes and 
the thickness of the plate is comparatively low. Therefore, bending and 
twisting of the plate in this section are more risky than the deformations of 
the other sections.  
7.2.3. Novel algorithm for fit Assessment of Bone Plates 
Currently, the quality of the fitting of fracture fixation plates is assessed 
manually by comparison of the shape of the plate with a template of the bone. Since 
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it is based on physical trial-and-errors, it is highly time-consuming and because there 
is no quantitative fit criterion being employed for this purpose, the fitting adequacy is 
approximative. The results of this approach depend on the skills of the surgeon and 
the other human factors. A novel algorithm was developed here. This algorithm is 
based on the positioning and fitting analysis of the 3D models of the plate and the 
bone, virtual deformation of the plate using the capabilities of the finite element 
method and an iteration of these two processes. It employs multiple-fit criteria for fit 
assessment and the measurement of the maximum distance between the plate and the 
bone. Ideally the algorithm will be fully automatic but it has been prototyped semi-
automatically in this stage because of some technical difficulties. The algorithm was 
successfully examined on a model of a distal tibial plate and the models of 45 bones. 
Using this algorithm, it was tried in an attempt to achieve 100% fitting of the plate 
and the bone and also define the minimum number of the plate shapes needed for 
maximum possible fitting. It was found that with the existing fit criteria and plate 
shape it is impossible to achieve the 100% fitting. There are some cases in which the 
deformation of the plate is not doable or the deformation fails the plate. Fitting of 
distal tibial plates on 45 bone morphologies were examined and maximum possible 
fitting (≈89 ) was achieved by four plate shapes (original + three types of 
deformations). There were five bones that the plates could not fit.  Deformation of 
the plate in the mentioned cases is not feasible because of the safety of the 
deformations in the distal end of the plate. This topic has been thoroughly discussed 
in Chapter 6.  
Achieving maximum fitting with a limited number of deformations means that 
the deformations of fracture fixation plates can be classified and a library of plate 
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shapes and deformations can be made
1
. Using such a library decreases the 
deformation trial-and-errors during surgeries, increases the quality of the 
deformations and decreases the time of pre-surgical plate preparation. This library 
should be made for all plate shapes provided by all the manufacturers and should be 
updated after any change in the exiting plate shapes. Otherwise it will have limited 
applications. 
Making a deformation library does not mean that a plate should be provided in 
numerous shapes (instead of the current single shape). Providing several shapes of 
any plate increases the total number of the bone plates immensely and causes 
logistical problems for hospitals and the manufacturers. 
7.3. Applications of Research 
Annually, over 180k people per year are hospitalized in Australia for bone 
fracture treatments. This imposes lots of socio-economic costs. Any relevant effort in 
reducing these costs is valuable. The present study aimed to eliminate the existing 
technical gaps in deformation of the fracture fixation plates during surgery and 
improve the quality of the surgeries. Accordingly, the findings of this research can be 
implemented in the three main fields as follows: 
 Based on the proposed 7-axis robotic arm, an automated intelligent 
machine can be produced for deformation of fracture fixation plates during 
orthopaedic surgeries. Hospitals can employ this machine to increase the 
quality of pre-surgical deformations of the fracture fixation plates. 
                                                                
1
 Regarding the present study, the deformations library of the distal tibial plate 
includes three deformation configurations. 
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 The experience of the current innovative design can be used in future 
similar developments. 
 Results of the finite element analyses of the current thesis can be used in 
definition of the deformation thresholds of distal tibial plates, springback 
effect of the deformations of distal tibial plate and straight tibial plate, 
stress concentration and safety of the discussed deformations. 
 The finite element model developed in this thesis can be used in future 
studies on the other types of orthopaedic bone plates. 
 The proposed algorithm and the recommended principles can be employed 
in automation of the pre-surgical fit assessment procedure and 
development of a specific software tool for this purpose. It also can be 
used in optimization of the fitting quality. Classification of the 
deformations needed for optimal fit quality is another application of this 
algorithm. It can be helpful in definition of the minimum plate shapes 
required for maximum possible fitting. 
 Integrating the abovementioned findings together, an advanced system can 
be developed to automate the fit assessment and bone plate deformation 
procedures. Such a system reduces the pre-surgical plate preparation time 
and improves the quality of plate preparation significantly.  
7.4. Limitation of this Study and Recommendation for Future Work 
This research made outstanding steps in filling the previously mentioned gaps 
in deformation of the fracture fixation plates. Some tasks were not accomplished in 
the allocated time, but can be fulfilled in future studies. 
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 Only the mechanical design of the 7-axis RA was accomplished and the 
electrical design as well as its programming should be done in the later 
stages.  
 The proposed RA was prototyped virtually. A physical prototype can be 
made after previously mentioned electrical design and programming. 
Regarding the complexity of the industrial RAs, collaboration with an RA 
manufacturer is recommended. Knowledge, expertise and the experience 
of the manufacturer will be helpful. Regarding the confidentiality of the 
main project, IP related issues have to be solved first.  
 Besides the fracture fixation plates, intermedullary nails are vastly used in 
bone fracture fixations. Similar to the plates, they need pre-surgical 
preparations (Figure 7-1). A similar machine can be developed for these 
implants. 
 
Figure 7-1 Modification of a hip implant to fit the  intended patient (Frykman, 2010) 
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 The finite element model developed here can be expanded to the other 
types of the fracture fixation plates and the orthopaedic implants. Almost 
all aspects of the deformation of the fracture fixation plates were studied in 
the current thesis. However, changes in the profiles of the threads during 
deformations were not covered. Regarding the importance of this 
parameter, it is recommended that it be studied independently in the future.  
 A constitutive model can be extracted for analysis of the springback effect 
in the deformations of the bone plates. This model facilitates the 
quantification of the springback effect and formulation of the over-
deformations. 
 The developed finite element model can be automated through future 
studies. Its automation is beneficial because helps to automate the fit 
assessment/optimization algorithm developed through the current research. 
Finite element analysis forms an essential part of the proposed algorithm. 
 The proposed fit assessment and optimization algorithm examined the 
fitting quality of the distal tibial plates. The other types of fracture fixation 
plates and orthopaedic implants can be examined similarly. Deformations 
of the distal tibial plate were classified through the current research and the 
maximum achievable fitting was determined. Similar studies can be 
conducted for the other types of fracture fixation plates and orthopaedic 
implants. 
 Based on the developed algorithm through the current collaborative 
research, a comprehensive software package of fit assessment and 
optimization can be developed.  
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A 1. 2. SHA25A AC servo actuator (Harmonic Drive LLC., 2012b) 
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A 1. 3. SHA32A AC servo actuator (Harmonic Drive LLC., 2012b) 
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A 1. 4. SHA40A AC servo actuator (Harmonic Drive LLC., 2012b) 
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A 1. 5. SHF25 Component Set (Harmonic Drive LLC., 2012c) 
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A 1. 7. SHF40 Component Set (Harmonic Drive LLC., 2012c) 
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A 2. 1. 1st axis 
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A 2. 2. 2nd axis 
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A 2. 3. 3rd axis 
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A 2. 4. 4th axis 
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A 2. 5. 5th axis 
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A 2. 6. 6th axis 
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A 2. 7. 7th axis 
 
Appendices: 
288 
 
 
Appendices: 
289 
 
 
 
Appendices: 
290 
 
 
Appendices: 
291 
 
A 2. 8. Clamp 
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A 2. 9. Control unit 
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